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In metastasis, cancer cells break away from a primary tumor and travel through the 
blood or lymph system to distant parts of the body forming new secondary metastatic 
tumors. Metastatic disease is responsible for ~90% of cancer-related deaths. Cell migration 
is central to the metastatic cascade and recent technological advances have elucidated the 
importance of cancer migration through confining open tracks around the cell body. Thus, 
extensive study and characterization of confined cell migration is critical for the 
development of future cancer treatments. 
Following an introduction to the in vitro devices used in confined migration and 
the mechanisms of cell locomotion that they have revealed, we present a novel tool, a 
hydrogel encapsulated microchannel array (HEMICA), used for studying cell migration in 
physiologically relevant microenvironments. HEMICA is made out of accessible, 
inexpensive materials based on established techniques and emulates a set of physical 
properties found in native tissue. HEMICA can be used for live-cell imaging, confocal 
imaging, immunofluorescence, Foster Resonance Energy Transfer (FRET), actin flow 
measurements, chemotactic gradient studies, apicobasal stiffness anisotropy studies and 
3D Traction Force Microscopy. In addition, it can create microenvironments that support 
collective and single cell-file migration. Subsequently, we use HEMICA to characterize 
MDA-MB-231 adenocarcinoma cell migration through various confining and non-
confining microchannels, and compare confined migration characteristics in stiff versus 
soft substrates. We observe the impact of substrate stiffness on the morphodynamic 
changes of cells, and distinguish the role of confinement in accentuating cell polarization 
and diminishing changes in cell spreading. We demonstrate the dependence of contact 
 iii 
guidance to substrate stiffness and via 3D TFM we showcase that the increase of substrate 
stiffness leads to higher traction forces in confinement. Furthermore, we affirm that MDA-
MB-231 confined migration in soft substrates is dependent on myosin IIA (MIIA), 
phosphorylated myosin light chain (pMLC), actin, integrins and adhesions, and juxtapose 
the osmotic engine effects of sodium hydrogen exchanger 1 (NHE1) observed in stiff 
substrates with its function in more physiologically relevant ones. Finally, we correlate 
MIIA-based contractility to the polarization of pMLC, NHE1 and actin flow.  
We next use microfabrication techniques to create microenvironments of varying 
hydraulic resistance and analyze the decision-making process of MDA-MB-231 and 
HT1080 fibrosarcoma cells. We confirm that hydraulic resistance dictates decision-making 
in confinement, characterize the decision-making process based on the persistent growth 
of a leading protrusion of a cell at a channel intersection, showcase the effects of actin 
nucleation on decision-making time, and identify MIIA and transient receptor potential 
melastatin-7 (TRPM7) as the main mechanosensors of hydraulic resistance in confinement. 
We then establish the relationship between hydraulic resistance, actin and myosin and build 
a theoretical framework for confined cell decision-making. Overall our results elucidate 
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Metastasis is the most common cause of cancer related deaths (Mehlen and 
Puisieux 2006). The metastatic cascade involves migration of cancer cells away from a 
primary tumor, intravasation into the blood vessels or the lymphatic system, travel to 
distant sites in the body, successful attachment and extravasation to secondary tissues, and 
formation of secondary metastatic foci (Wirtz, Konstantopoulos et al. 2011). This process 
is highly inefficient since very few cancer cells which access the main circulation give rise 
to secondary tumors. However, patients with cancer micrometastases do not show long 
term responses to medical treatments (Qian, Deng et al. 2009). The clinical failure to treat 
metastatic disease reveals our poor understanding of the mechanisms involved in the 
metastatic cascade which is governed by the interactions between cancer cells and the 
microenvironments they encounter (Discher, Janmey et al. 2005). 
Scientist have recreated various environments with which cells interact in vitro and 
have controlled their biochemical composition, stiffness, porosity and dimensionality in 
order to study their specific effects on cell migration, invasion, differentiation, proliferation 
and apoptosis (Saha, Keung et al. 2008, Kloxin, Kasko et al. 2009, Murphy and O'Brien 
2010, Petrie and Yamada 2012, Wen, Vincent et al. 2014). Moving from 2D to 3D migration 
studies, revealed molecules and processes which play central roles on cell motility. One 
such family of molecules are matrix metalloproteases (MMPs). MMPs are produced by 
cells in 3D in order to degrade the extracellular matrix (ECM) and open migration channels 
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for metastasis (Turk 2006). Two main categories of MMP inhibitors were synthesized 
(hydroxamates and non-hydroxamates) (Abbenante and Fairlie 2005) in order to abrogate 
cancer cell migration, but failed clinical trials due to either adverse side effects or no major 
clinical benefit. Henceforth, studies which attempted to explain the failure of MMP 
inhibitors led the way to greater innovation and contributed significantly to our current 
understanding of cell migration. Cells under MMP inhibition were shown to adapt towards 
an amoeboid movement which can support non-proteolytic migration (Friedl and Wolf 
2003) and intravital microscopy proved the existence of open confining tracks created by 
various anatomical structures or cells, which are used during cancer cell migration 
(Alexander, Koehl et al. 2008, Friedl and Alexander 2011, Weigelin, Bakker et al. 2012). 
Thus the study of migration in confining channels is critical for the development of efficient 
cancer treatments. 
In this dissertation, we review the devices that have attempted to bridge the gap 
between in vivo and in vitro experiments, explain the characteristics of confined cell 
migration, analyze the principle of hydraulic resistance and its effect on confined cell 
migration, and review the function of ion channels which have been proven to be critical 
in cell locomotion. In addition, we present a novel hydrogel-based microfluidic device 
(HEMICA) which overcomes the hurdles faced by other in vitro assays, we use this tool 
for studying cell migration in microenvironments of physiological stiffness and finally, 
through our study of confined cell migration decision-making in branched channel 
intersections, reveal the cytoskeletal and membrane proteins which are affected by 
hydraulic resistance and analyze their role in decision-making. 
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We conclude by discussing translational applications of microfluidic assays, 
including HEMICA, and their benefit to cancer research.  
 
Bioengineering Methods for Migration Studies 
Although in vivo studies have been crucial in proving the significance of in vitro 
findings regarding cell migration, their cost and complexity renders them cumbersome and 
inefficient in providing mechanistic insight. Instead, mimicking different properties of the 
ECM in vitro allows for carefully designed controlled experiments, in which the 
interactions of cells with their microenvironment can be clearly deciphered. As cells 
migrate through our body, they encounter environments of various dimensions, chemical 
and biophysical properties. Altering the dimensionality of the ECM led to the production 
of two dimensional (2D) (Tse and Engler 2011), one dimensional (1D) (Chang, Guo et al. 
2013) and three dimensional (3D) (Petrie, Gavara et al. 2012) substrates. The composition 
of the ECM inspired the creation of scaffolds using chitosan (Hong, Song et al. 2007), 
alginate-co-gelatin (Yeo, Geng et al. 2007), styrenated gelatin (Hoshikawa, Nakayama et 
al. 2006), hyaluronic acid (Yeh, Ling et al. 2006), chondroitin sulfate (Li, Williams et al. 
2004), PEGylated fibrinogen (Almany and Seliktar 2005), elastin-like polypeptides 
(McHale, Setton et al. 2005), poly(ethylene glycol) (Rice and Anseth 2007), polyfumarate 
(Wang, Williams et al. 2005), poly(6-aminohexyl propylene phosphate)-acrylate (Li, 
Wang et al. 2006) and collagen (Xu, Molnar et al. 2009). Substrate porosity (Murphy and 
O'Brien 2010), protein fiber thickness (Christopherson, Song et al. 2009) and fiber 
alignment (Chew, Mi et al. 2008) have been extensively investigated as they affect cell 
migration. Based on the mode of cell migration in vivo, several proteolytically (Webb, 
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Nguyen et al. 2000) and non-proteolytically cleaved (Pathak and Kumar 2012) scaffolds 
were created with various ranges of stiffness and functionalized protein concentrations.  
 
PDMS-based Devices for Confined Migration Studies 
By using sophisticated microfabrication techniques, precise topographical 
microenvironments of fixed aspect ratios have been created (Balzer, Tong et al. 2012). The 
majority of microfabricated devices used for the study of cell migration in confinement, 
are composed of polydimethylsiloxane (PDMS), which is a stiff, optically transparent 
material, allowing oxygen diffusion (Duffy, McDonald et al. 1998, Sackmann, Fulton et 
al. 2014). These devices are produced by micromolding PDMS from a patterned silicon 
wafer (Heuze, Collin et al. 2011).  Microchannels are positioned adjacent to cell seeding 
areas and allow for real-time imaging of confined cell migration (Irimia, Charras et al. 
2007). The microchannels can be coated with various ECM proteins (Irimia and Toner 
2009) and support studies with chemical (Breckenridge, Egelhoff et al. 2010), osmotic 
(Stroka, Jiang et al. 2014) and voltage gradients (Huang, Samorajski et al. 2013).  
By varying the channel dimensions,  Irimia and colleagues showed that MDA-MB-
231 cell speed varies biphasically with cross-sectional area (Irimia and Toner 2009). The 
use of an FBS chemotactic gradient in a PDMS-based microfluidic device with channels 
of width 3, 6, 10, 20 and 50 µm, and height 10 µm indicated that HOS cell speed was 
dependent on width, with higher migration speeds at larger widths and greater cell entrance 
to the microchannels with a steeper gradient (Tong, Balzer et al. 2012). Comparison 
between tumorigenic metastatic and non-metastatic cells showed an increased likelihood 
that tumorigenic metastatic cells would enter and exit the microchannels. A series of 
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osmotic shocks in conjunction with pharmacological actin depolymerization, revealed a 
new mechanism of confined cell migration which is based on water flux (Stroka, Jiang et 
al. 2014). NIH 3T3 fibroblasts, with the application of an electric field across a 
microchannel array, showed a change in their preferential alignment as compared to the 
electric field lines. While in unconfined environments they aligned perpendicularly to the 
field and migrated toward the cathode, in confinement they oriented parallel to the field 
and migrated along the microchannels (Huang, Samorajski et al. 2013). This suggested that 
the topographical cue presented by the microchannels is stronger than the electric field one 
in terms of cell alignment.  
 
Hydrogel-based Devices for Confined Migration 
Studies 
Hydrogels have been widely used in cell migration studies since their intrinsic 
properties mimic native tissues. They are composed of a matrix of macromolecules with a 
high water content and they can reach a wide range of stiffnesses. In addition, their water 
retention offers a suitable drug diffusion pathway and they are biocompatible (Ganji, 
Vasheghani-Farahani et al. 2010).  
Recent advances in two-photon laser scanning (TPLS) photolithography, have 
allowed the fabrication of 3D micropatterns of biomolecules in PEG hydrogels (Hahn, 
Miller et al. 2006). The technique takes advantages of the simultaneous absorption of 
focused photons to achieve two-photon excitation in microscale focal volumes (Denk, 
Strickler et al. 1990). As such, encapsulated fibroblasts were able to proteolytically degrade 
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the poly(ethylene glycol) diacrylate (PEGDA) hydrogel and follow the path of the 
micropatterned Arg-Gly-Asp-Ser-Lys (RGDSK) adhesive ligand (Lee, Moon et al. 2008).  
However, tuning and controlling the properties of PEG hydrogels via the 
photoinitated chain polymerization of (meth)acrylated PEG precursors results in gel 
heterogeneities and nonidealities which influence the material properties and affect cell 
morphology (Bryant, Anseth et al. 2004). Several reports have presented a novel way of 
gel cross-linking via the copper(I)-catalyzed [3+2] cycloaddition reaction (Click 
chemistry) between the azides and terminal acetyle moieties (Malkoch, Vestberg et al. 
2006, Ossipov and Hilborn 2006, Crescenzi, Cornelio et al. 2007). PEG hydrogels formed 
via this Click chemistry resulted in highly cross-linked gels with ideal structures and 
dramatically improved mechanical properties. Hydrogels based on Click chemistry have 
been patterned with RGDSC thus forming a biochemical gradient with the potential of 
guiding cell migration  (Polizzotti, Fairbanks et al. 2008).  
Evidence by Kloxin and colleages has shown that the physical properties of 
hydrogels can be tuned temporally and spacially with light (Kloxin, Kasko et al. 2009). 
They utilized the photodegradable functionality of a nitrobenzyl ether-derived moiety 
which was attached to PEG-bis-amine and thus synthesized photodegradable PEG-based 
hydrogels. Subsequently, they encapsulated fibroblasts, used  a single (405 nm) or two-
photon (740) LSM to degrade a portion of the gel and observed migration into the 
photodegraded channel. Overall, hydrogels have paved  the way for a deeper understanding 




Mechanisms of Confined Migration 
Mounting evidence suggests that confined micro-channels do not only offer “paths 
of least resistance” for tumor cell migration (Provenzano, Eliceiri et al. 2006), but rather 
impose a mechanical load on the cells, that initiates an intracellular cascade of signaling 
events (Hung, Chen et al. 2013) which alters the migration mechanisms (Hung, Chen et al. 
2013, Hung, Yang et al. 2016) and induces differential gene expression (Le Berre, Aubertin 
et al. 2012). Thus, during in vivo migration cancer cells may alter their phenotype to 
accommodate for changes in the architecture of the local microenvironment. 
Although our understanding on cell motility in confinement is still in its early 
stages, recent studies suggest that locomotion through confined microenvironment 
represents a unique type of migration that is mechanistically distinct from typical 
unconfined 2D migration. While 2D migration requires fan-like protrusions (lamellipodial) 
to move the plasma membrane forward (Pollard and Borisy 2003, Provenzano, Eliceiri et 
al. 2006, Friedl and Alexander 2011), confined migration relies on the interplay of cell 
adhesion and actomyosin contractility. Under conditions of confinement and low adhesion, 
cells preferentially use an amoeboid type of migration (Liu, Le Berre et al. 2015) with a 
rounded cell morphology, membrane blebs, diffuse distribution of cell adhesion proteins, 
and a dependence on actomyosin contractility. On the other hand, under conditions of 
confinement and high adhesion, cells use either a lobopodial-based migration with high 
contractility in a linear elastic matrix, non-polarized cortactin, PIP', Rac1 and Cdc42 or 
pseudopodial based migration with polarized PIP', Rac1 and Cdc42 at the leading edge 
(Petrie, Gavara et al. 2012, Petrie, Koo et al. 2014). Notably, activation of the contractile 
machinery is also sufficient to induce amoeboid based migration even in the presence of 
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cell adhesion (Sahai and Marshall 2003, Wolf, Mazo et al. 2003). Interestingly, the 
Konstantopoulos lab has recently discovered a novel mechanism of confined migration that 
relies on water permeation coupled with dispensable actomyosin contractility (Stroka, 
Jiang et al. 2014). Thus, cell intrinsic properties in conjunction with the heterogeneity of 
the tissue microenvironment enable tumor cells to adopt a wide repertoire of migration 
modes in confinement. 
 
Confinement-Induced Cell Signaling and Gene 
Expression 
 
Currently it is unclear how cells sense and adapt to the confined microenvironment. 
Preliminary studies suggest that cells sense confinement via stretch activated channels 
and/or components of the cytoskeleton and nuclear matrix.  The Konstantopoulos lab 
demonstrated that confinement sensing is mediated by an elevation of intracellular calcium 
levels via the stretch-activated cation channel Piezo. Increase in calcium leads to a 
phosphodiesterase 1 (PDE1)-dependent suppression of protein kinase A (PKA) activity 
which acts in conjunction with myosin II to regulate cell migration (Hung, Yang et al. 
2016).  Along these lines, the nucleus can also serve as a mechanosensor in confinement. 
Nuclear compression results into nuclear rupture, DNA damage, and release of 
proinflammatory eicosanoids (Denais, Gilbert et al. 2016, Enyedi, Jelcic et al. 2016, Raab 
2016). Interestingly, vertical confinement also leads to differential expression of genes 
involved in inflammation, DNA damage, stress response, and membrane synthesis (Le 
Berre, Aubertin et al. 2012).  
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Hydraulic Resistance in Confined Migration 
The Reynolds number (Re) indicates the relative importance of inertial to viscous 
forces (Re = r x V x L / µ, where r (kg ()') is the density of the liquid, L (m) is a 
characteristic length of the system, such as the height of the channels, µ (kg ()* +)*) is 
the viscosity of the liquid and V (m  +)*) is the linear velocity of the liquid through the 
channel). Liquid flow through microfluidic channels usually occurs at low Re. When an 
object such as a bubble or a cell with an assumed water impermeable membrane attempts 
to move through a microchannel, it has to push the entire column of liquid which lies ahead. 
As such it has to overcome the fluidic resistance R (kg (), +)*) that the liquid imposes 
on the object. Q ((' +)*) is the volumetric flow rate of the liquid between two points in a 
channel and DP (kg ()* +)-) is the pressure difference between these two points. The 
volumetric flow rate and the pressure difference are proportional and the constant of 
proportionality is the fluidic resistance. As such:  
DP = /	1 
The laminar flow of a single liquid phase through a rectangular channel where L 
(m) is the length of the channel, W (m) the width, H (m) the height and a a dimensionless 















The pressure difference relation is proven accurate to within 0.26% for rectangular 
channels with W / H < 1 independently of the presence or absence of surfactants (within a 
tested range) (Fuerstman, Lai et al. 2007).  
As cells move through microchannel cavities in the body, which are filled with 
blood, interstitial or cerebrospinal fluid, compensating for the fluidic/hydraulic resistance 
imposed by these liquids becomes critical. When cells are subjected to decisional choices 
within the intersections of confining microchannels, the hydraulic pressure has to be 
physically balanced and then overcome for migration to persist (Sims, Karp et al. 1992, 
Lammermann and Sixt 2009). The lipid bilayer is slightly permeable to water and cells 
contain aquaporins that increase their water permeability based on osmosis (Agre and 
Kozono 2003, Verkman 2005). In addition, cells can intake water through pinocytosis 
(Danielsen and Hansen 2016). Although these mechanisms will decrease the value of the 
apparent hydraulic resistance that cells encounter, it has been shown that neutrophil-like 
HL-60 cells respond to channel intersections of asymmetric hydraulic resistances by 
choosing the path of lowest resistance (Harrison V. Prentice-Motta 2013). In addition, 
MDA-MB-231 cells that make decisions in intersections of cell-scaled versus subnucleus-
scaled channels have a higher probability in entering the cell-scaled ones (Mak and 
Erickson 2014). Since the length of the channels in the study by Mak and colleagues were 
similar, the decreased cross-sectional area of the subnucleus-scaled path indicated that cells 





Ions and Ion Channels in Cell Migration 
The metastatic cascade is defined by the ability of tumor cells to migrate. Without 
the ability of tumor cells to move, there would be no metastatic disease. Carcinoma cells 
that have lost their epithelial polarization during epithelial to mesenchymal transition 
(EMT), move away from the epithelial layer (Thiery and Sleeman 2006) while carbonic 
anhydrase (CAIX), pH regulating transport proteins such as NHE1, AE2, MCTs and 
aquaporins relocate to the cell front (Svastova, Witarski et al. 2012). 
For cell migration to occur, actin polymerization is initiated at the cell leading edge 
while depolymerization at the rear of lamellipodia. Several proteins are involved in binding 
to the actin monomers, severing actin filaments and branching existing ones or nucleating 
the formation of new ones. Actin filaments bind to myosin and thus generate forces which 
are transmitted via focal adhesions to the ECM (Le Clainche and Carlier 2008). Both 
cytoskeletal and adhesion dynamics are regulated by ionic mechanisms and as a result they 
depend on ion channel proteins. Not only do ion channels regulate ion homeostasis, but 
they are also pH or EF-G sensitive themselves. In addition, EF-G and 6G concentrations 
are coupled and thus cannot change independently (Swietach, Youm et al. 2013).  
Cofilin is a protein that creates new sites of actin filament assembly by severing 
actin filaments and producing free barbed ends. By its function, it facilitates actin 
polymerization and membrane protrusion at the cell front or the tip of invasive structures 
and promotes cell migration and invasion (Wang, Eddy et al. 2007). Cofilin, however, 
needs to be activated by the local intracellular alkalization in the lamellipodium which is 
regulated by the sodium hydrogen exchanger NHE1 (Lagana, Vadnais et al. 2000, Stock, 
Mueller et al. 2007). Gelsolin is another actin-binding protein which is involved in actin 
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assembly/disassembly yet it is activated by local acidification (Lagarrigue, Ternent et al. 
2003). As such, local intracellular acidification or alkalization, which is regulated by 
NHE1, is responsible for fundamental cytoskeletal changes required for cancer migration 
(Srivastava, Barreiro et al. 2008). Taking into consideration the upregulation of NHE1 in 
multiple tumors (Reshkin, Bellizzi et al. 2000, Chiang, Chou et al. 2008), its function is 
unequivocally critical. 
 Intracellular calcium concentration has a great impact on cytoskeletal dynamics, 
since EF-G interacts with numerous proteins which are involved in cell contraction and 
adhesion. Myosin II (Betapudi, Rai et al. 2010), myosin light chain kinase (Tsai and Meyer 
2012), calpain (Campbell and Davies 2012), calcium/calmodulin-dependent protein kinase 
II (Cuddapah and Sontheimer 2010) and focal adhesion kinase (Giannone, Ronde et al. 
2002) are influenced by EF-G. Apart from the front-rear EF-G gradient that is established 
in cells (Hahn, Debiasio et al. 1992), there are local transient EF-G signals which promote 
focal adhesion disassembly or regulate the direction of migration (Giannone, Ronde et al. 
2004, Wei, Wang et al. 2009, Tsai and Meyer 2012).  
Calcium sensitive α-actinin inhibits actin bundling at the lamellipodia when 
calcium levels increase. As myosin II is calcium activated, EF-G regulates the contractile 
force that causes retraction of the rear of migrating cells (Eddy, Pierini et al. 2000). 
Ablation of TRPC6 channels, which control EF-G influx, impairs chemotaxis of murine 
neutrophils. TRPM7 mediated EF-G flickers at the front of a cell direct the migration of 
fibroblasts towards platelet-derived growth factor (PDGF). The function of the TRPC1 
channel, which regulates calcium influx, and the HIJ3.1 channel, which is activated by 
EF-G and regulates HG influx, is critical for tumor cell chemotaxis (Sciaccaluga, Fioretti 
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et al. 2010, Bomben, Turner et al. 2011, Fabian, Fortmann et al. 2011, Cuddapah, Turner 
et al. 2013). 
Cell migration is a process that involves repetitive extension of the front and 
retraction of the rear. Stretching of the cell membrane causes mechanosensitive or stretch 
activated ion channels, such as the ones that belong to the TRPC, TRPV and TRPM 
families, to open leading to an elevated intracellular EF-G concentration which either 
happens simultaneously or follows the retraction of the rear (Lee, Ishihara et al. 1999, 
Espinosa-Tanguma, O'Neil et al. 2011). This process also requires extensive volume 
regulation. By activating HG and EK) channels, cells release KCl and water, and thus 
decrease their volume (regulatory volume decrease, RVD), and by activating LFG 
HG2EK)cotransport, LFG/6G exchange, and non-selective cation channels cells uptake 
KCl and water and increase their volume (regulatory volume increase, RVI) (Schwab, 
Fabian et al. 2012). Many ion channels and transporters which regulate cell volume 
changes are also part of the cellular migration machinery. Notable examples are HIJ3.1 
(Cruse, Duffy et al. 2006), HN1.3 (Matheu, Beeton et al. 2008), TRP channels (Waning, 
Vriens et al. 2007, Wei, Wang et al. 2009), NHE1 (Hayashi, Aharonovitz et al. 2008, 
Stroka, Jiang et al. 2014), NKCC1 (Haas and Sontheimer 2010) and aquaporins 








HEMICA: HYDROGEL ENCAPSULATED 




The stiffness of the extracellular matrix (ECM) and the interaction between cells and 
the microarchitecture of their local microenvironment are critical for many processes 
including proliferation, migration, and differentiation. As the human body consists of a 
plethora of microenvironments, cells adapt and respond to each environment differently. 
Glioblastoma multiforme (GBM) cells (Ulrich, de Juan Pardo et al. 2009) and lung 
fibroblasts (Mih, Marinkovic et al. 2012) increase their proliferation with increase in ECM 
stiffness, while adult neural stem-cells show an optimum in proliferation on stiffnesses that 
resemble native brain tissue (Saha, Keung et al. 2008). Prostate carcinoma cells show a 
biphasic dependence between speed and Matrigel stiffness (Zaman, Trapani et al. 2006), 
aggressive breast cancer cells migrate with varying protrusion and cell body translation 
dynamics based on the concentration and the thickness of collagen gels (Carey, Kraning-
Rush et al. 2012), and polymorphonuclear leukocytes migrate more efficiently through 
larger pore sizes within ECM gels (Kuntz and Saltzman 1997). Finally, substrate stiffness 
regulates the osteogenic or adipogenic differentiation of human adipose-derived stromal 
cells and marrow-derived mesenchymal stromal cells irrespective of hydrogel porosity, 
protein linker density or protein tethering (Wen, Vincent et al. 2014).  
 15 
Over the years researchers have been trying to replicate different properties of the 
ECM in order to perform highly controlled experiments in-vitro. The dimensionality of the 
ECM resulted in the production of 2D (Tse and Engler 2011), 1D (Chang, Guo et al. 2013) 
and 3D (Petrie, Gavara et al. 2012) substrates, and the intrinsic properties of the ECM 
inspired models using various proteins (Seliktar 2012), substrate porosities (Murphy and 
O'Brien 2010), protein fiber thicknesses (Christopherson, Song et al. 2009) and alignments 
(Chew, Mi et al. 2008). The behavior of cells in-vivo, inspired the creation of substrates 
that are proteolytically cleaved (e.g. collagen, Matrigel) (Gaggioli, Hooper et al. 2007) and 
others that aren’t (e.g Polyacrylamide) (Pathak and Kumar 2012), with various ranges of 
stiffness and protein concentrations. The importance of in-vitro systems that mimic the 
ECM is unequivocal since they have allowed us to decouple parameters of the ECM and 
study their effects on cells, leading to novel pharmacological targets and the increase of 
our understanding of complex cell behaviors.  
An important mechanism of cell migration involves the cleavage and 
reorganization of protein fibers in the ECM (proteolytic migration). As cells migrate 
through interstitial tissues, they either break down their surrounding matrix (Friedl and 
Wolf 2009) or follow pre-established open paths (Alexander, Koehl et al. 2008). These 
paths/microchannels are either created by other migratory cells or they inherently exist in 
the perivascular, perineural, perilymphatic, perimuscular, fat tissue, bone cavity and brain 
milieus (Friedl and Alexander 2011). As such, cells don’t have to do much remodeling of 
the ECM and the microchannels maintain the same dimensions before and after cell 
migration (Weigelin, Bakker et al. 2012). Based on the size of the cells and the dimensions 
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of these microchannels, migratory cells can be fully or partially confined by these 
microenvironments. 
There are two major systems that attempt to emulate these microtopographies in-
vitro. The first one uses soft lithography techniques to create a negative microchannel mold 
on which Polydimethylsioxane (PDMS) is cured (Tong, Balzer et al. 2012). After curing, 
PDMS is lifted off the mold and the microchannel design remains imprinted on its lower 
surface. Subsequently, the PDMS is bonded to a glass surface with or without a layer of 
PDMS and coated with the desired ECM protein. This system, allows for flexibility in the 
microchannel design; the heights, lengths and widths of the microchannels can be 
accurately designed, and the materials and equipment used are fairly inexpensive. On top 
of that, live-microscopy experiments can be performed, immunostaining is feasible (though 
cumbersome depending on the microchannel design) and chemotactic or osmotic gradients 
are easy to establish. Furthermore, this system allows for micropillar printing which 
enables the study of traction forces (Raman, Paul et al. 2013). The major disadvantage of 
this tool is that PDMS mixed with its curing reagent at a ratio which is easy to work with 
is not physiologically relevant. Larger PDMS/curing reagent ratios can produce more 
compliant substrates but channel imprinting and the maintenance of channel dimensions 
upon bonding of the upper PDMS layer to the bottom glass/PDMS becomes a challenge. 
In addition, PDMS is not permeable to water or small molecules and thus does not 
accurately represent living tissues. Finally, cell adhesion and spreading is possible on 
PDMS without covalently attaching or tethering ligands, due to the increased 
hydrophobicity and the fouling properties of its surface, which complicates the dependence 
of cell mechanics to the ECM protein involved. 
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The second model for confined migration involves photodegradable poly(ethylene 
glycol)-based (PEG) hydrogels (Kloxin, Kasko et al. 2009). Synthesis of an o-
nitrobenzylether-based photodegradable monomer coupled to primary amines generates a 
photodegradable cross-linker and synthesis of fibronectin-derived peptide RGDS creates 
photodegradable tethers. As a result, through photodegradation, the stiffness and the 
presentation of ligands to cells within a 3D or 2D PEG-based hydrogel can be manipulated 
in-situ creating dynamic environments. Furthermore, microchannels and patterns of 
various sizes can be introduced in the hydrogel by fully degrading it. This model is 
advantageous since we can observe dynamic processes in real time. Stiffness and tethering 
gradients along the cell axis can be generated and immunostaining is possible even if it 
requires the production of cryosections of the 3D matrix. In addition, it allows for the 
generation of round microchannels which are more physiologically relevant. However, this 
model allows for relatively low cell throughput, requires expensive two photon irradiations 
sources for precise z-direction degradation of the gel and cannot accommodate stiffnesses 
larger than ~40kPa. The aspect ratio of the features is limited and the photolabile monomer 
concentration as well as the intensity, wavelength and time of irradiation have to be 
optimized per experiment. Moreover, the light sensitivity of different cell lines and the 
possible use of low-wavelength UV light for irradiation require the assessment of cell 
viability and function.  
While these models allow for the generation of microchannels of various 
dimensions in 3D, they have attributes which are either non-physiologically relevant or too 
complicated and costly. The creation of a simple, low cost, high throughput and 
physiologically relevant system that allows for a multitude of uses and post-migration 
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studies was imperative, and for this reason we created HEMICA, the Hydrogel 
Encapsulated Micro-Channel Array. We used soft lithography techniques to create a mold 
of microchannels of prescribed dimensions and features of high aspect ratios, and we 
imprinted those channels in a polyacrylamide (PA) hydrogel of physiologically relevant 
stiffness. Subsequently, we created a flat PA gel with the same or different stiffness than 
the gel with the imprinted design and bonded the two gels together. The existence of 
primary amines on both gels allowed us to use commercially available NHS-esters as 
ligands, which helped adhere the top and the bottom gels to each other and also expand this 
method of gel-to-gel adherence to other ECM-based protein gels. As a result, the 
microchannel array got encapsulated within the gel surfaces and by using Sulfo-SANPH 
and following established protocols we coated the microchannels with the desired ECM 
protein for cell adhesion.  
With this system, we are able to generate features of various widths and heights 
(minimum W x H: 3 x 3 µm) with no apparent limit on the length. We also created 
physiological stiffness isotropic and apicobasally anisotropic channels as well as 
chemotactic gradients. Using HEMICAs, we studied 2D, partially confined and fully 
confined migration within the same system as well as collective and single cell file 
migration all with high throughput. We embedded nano-beads on the gels and performed 
traction force microscopy in 3D as well as immunostaining, Forster Resonance Energy 
Transfer (FRET) and actin flow measurements with ease. 
Through our experiments with different physiological stiffness HEMICAs and 
breast cancer MDA-MB-231 cells, we observe a biphasic relationship between stiffness 
and migration speed in various levels of confinement, and a biphasic relation between 
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speed and confinement in various stiffnesses. We observe the impact of stiffness on the 
morphodynamic changes of cells and distinguish the role of confinement in accentuating 
cell aspect ratio and diminishing changes in cell spreading. In addition, we demonstrate the 
dependence of contact guidance to substrate stiffness in which low stiffness regimes 
decrease cell guidance. We showcase the impact of chemotactic gradients in confined cell 
migration and highlight the importance of the apicolateral walls of a microchannel in 
anisotropic HEMICAs. We use squamous cell carcinoma A431 cells, generate channels 
where cells migrate collectively and demonstrate how the decrease in channel dimensions 
leads to single cell-files. Furthermore, we use 3D Traction Force Microscopy (TFM) and 
show that the increase of stiffness leads to higher traction forces in confinement. We then 
contrast our findings from MDA-MB-231 migration in physiological stiffness confinement 
to the pre-existing knowledge in the field, which is established primarily through PDMS-
based devices. Our experiments affirm that breast cancer cell migration in HEMICA is 
based on MIIA, pMLC, actin, integrins and adhesions, while previously proven functions 
of ion channels such as Sodium-Hydrogen Exchanger NHE1 may be altered. Finally, we 
show how MIIA contractility correlates with pMLC, NHE1 and actin flow polarization. As 
such, key parameters of confined migration regain central roles in substrates of 
physiological stiffness and the balance between cytoskeletal and membranous elements 
becomes essential. 
 
2.2 Materials and Methods 
2.2.1 HEMICA fabrication and usage. An array of parallel feature (channels) with a fixed 
channel length and height (L = 200 µm, H = 10 µm) and widths of either 3, 6, 10, 15, 20 
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µm (multichannel design) or only 3 µm (confined migration design) were fabricated via 
soft lithography as previously described (Balzer, Tong et al. 2012, Hung, Chen et al. 2013, 
Paul, Shea et al. 2016). To general channels for cell seeding and cell entry a secondary 
layer of features with height 30 µm and width 400 µm was overlaid. In order to facilitate 
the generation of inlets and outlets via biopsy punching the HEMICA gels, we overlaid a 
tertiary layer containing inlet and outlet circular features (H = 100 µm) connected to 
channels leading towards the secondary layer. The dimension of the features were verified 
via a profilometer. After the wafers were fabricated, they were cut using a diamond cutter 
and used as molds for the polyacrylamide gels. Acrylamide (A) (Bio-Rad, 40%) with N,N-
Methylene bisacrylamide (B) (Bio-Rad, 2%) were mixed with distilled water to final 
concentrations of 8% A/0.1% B, 8% A/0.2% B and 8% A/0.6% B corresponding to PA 
gels of elastic moduli 12, 26 and 46 kPa respectively. For traction force microscopy 
experiments, a small volume of the distilled water component was replaced with 0.2 µm 
fluorescent beads (FluoSpheres, Invitrogen) resulting in 0.1% solids in the acrylamide mix. 
The solutions were then degassed for 25 minutes. 10% ammonium persulfate (Bio-Rad) 
and 0.4% TEMED (Bio-Rad) were used as initiators of polymerization. Glass coverslips 
(Fisher Scientific, 22X40 mm) were activated with glutaraldehyde as previously described 
(Dembo and Wang 1999). 60 µL-100 µL of the final polyacrylamide solutions were placed 
on top of the coverslip and flattened with an additional non-activated coverslip. 1mL of the 
mix was placed on top of the lithography produced wafers containing the microchannel 
designs and covered with another non-activated coverslip. The solutions were allowed to 
polymerize for 50 minutes and were peeled off of the surfaces, thus generating one flat gel 
attached to the activated coverslip (flat-gel) and one gel with the microchannel design 
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imprinted on its lower surface (design-gel). The gels were allowed to swell between 1 and 
3 days (depending on the stiffness) in PBS -/- at 37 °C. Inlet and outlet holes were punched, 
the gels were lightly air-blown and finally sandwiched using 15 µL of 50 mg/mL 
bis(sulfosuccinimidyl)suberate (BS3, ThermoFisher Scientific) as an adhesive. For 
Traction Force Macroscopy (TFM) experiments 150 mg/ml BS3 was used. Binding 
between the two gels lasted for 1 hour. The assembled HEMICA was lightly glued (glass 
side down) on 60 mm petri dishes to prevent sliding. For confocal experiments custom-
made 60 mm petri dishes with an opening in the center were created and HEMICAs were 
glued on them in order to present an exposed glass center surface for the laser. 
Subsequently HEMICA was submerged in PBS -/- for 10 minutes in order to rehydrate. 
After removal of the PBS, the microchannels surfaces were treated with 0.5 mg/mL 
sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate (Sulfo-SANPAH, Thermo 
Fisher Scientific) as described by (Dembo et al., 1999). HEMICA was then submerged in 
20 µg/mL collagen type I (Collagen I Rat Protein, Tail, Thermo Fisher Scientific) overnight 
at 37 °C for functionalization. The next day the channels were washed with PBS -/- right 
before cell seeding. For the chemotactic gradient experiments, HEMICAs were submerged 
in DMEM 1X (Gibco), 1% penicillin/streptomycin (P/S) (10,000 U/mL, Gibco) for 2 hours 
before cell seeding. After cell seeding, the top wells were filed with DMEM 1X, 10% heat 
inactivated fetal bovine serum (FBS) (Gibco) and 1% P/S, while the bottom ones with 
DEMEM 1X, 1% P/S. For the fluorescein isothiocyanate-dextran (FITC-Dextran) 
experiments, the top wells were filled with 1 mg/mL FITC-Dextran (Millipore Sigma) 
dissolved in PBS while the bottom wells contained only PBS. 
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2.2.2 PDMS device fabrication. An array of parallel features (channels) with a fixed 
channel length, height and width (L = 200 µm, H = 10 µm, W = 3 µm) was fabricated via 
soft lithography similarly to the fabrication of the HEMICA wafer. To generate channels 
for cell seeding and cell entry as well as inlet/outlet features, a secondary layer with height 
50 µm and width 400 µm was overlaid. The dimensions of the features were verified via a 
profilometer. The wafers were used as molds for the generation of the PDMS devices as 
previously described (Balzer, Tong et al. 2012). 
 
2.2.3 Cell culture. Human MDA-MB-231 adenocarcinoma cells (NCI-PBCF-HTB26, PS-
ON Bioresource Core Facility at ATCC) and A-431 epidermoid carcinoma cells (CRL-
1555, ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 
4.5 g/L glucose, L-glutamine and sodium pyruvate (Gibco), supplemented with 10% heat 
inactivated fetal bovine serum (Gibco) and 1% penicillin/Streptomycin (10,000 U/mL, 
Gibco). Cells were grown in an incubator at 37 °C and 5% EO-, passaged every 2-4 days 
for a maximum of 20 passages. 
 
2.2.4 Pharmacological inhibitors. For the experiments involving pharmacological 
inhibition, cells were treated with the following agents and their corresponding vehicle 
controls: blebbistatin (5 or 50 µM) (Sigma Aldrich), latrunculin A (2 µM) (Sigma Aldrich). 
For experiments involving latrunculin A, cells were allowed to enter the confining micro-
channels before pharmacological inhibition was applied. Combined drug inhibition 
experiments were performed by using blebbistatin first (in order to reduce contractility and 
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emulate the effects of soft substrates) and after cell entry into the micro-channels the 
combination of blebbistatin and latrunculin A was used.   
 
2.2.5 Cloning, lentivirus production, transduction. Target sequences were subcloned in 
pLVTHM (gift from Didier Trono, Addgene, Cambridge, MA, plasmid #12247) using 
restriction enzymes Mlul and ClaI or in pLKO.1 (gift from Bob Weinberg, Addgene, 
Cambridge, MA, plasmid #8453) using restriction enzymes AgeI and EcoRI. The 
following target sequences were used: 
Scramble Control sh1 (GCACTACCAGAGCTAACTCAGATAGTACT) 
Human MYH9 (ACGGAGATGGAGGACCTTATG) 
Human MYH10 (GGATCGCTACTATTCAGGA) 
Human integrin β1 (TGCCTACTTCTGCACGATGT) 
Human NHE1 sh2 (GACAAGCTCAACCGGTTTAAT) 
Human NHE1 sh7 ( CCAATCTTAGTTTCTAACCAA) 
Human AQP5 sh1 (CCATCATCAAAGGCACGTATG) 
Human AQP5 sh3 (ACGCGCTCAACAACAACACAA) 
The lentiviral shRNA targeting human integrin β1 was generously given by the 
Wirtz Lab (Johns Hopkins University) (He, Chen et al. 2016). pLenti.PGK.LifeAct-GFP.W 
was a gift from Rusty Lansford (Addgene plasmid # 51010), pTriExRhoA2G was a gift 
from Olivier Pertz (Addgene plasmid # 40176), psPAX2 was a gift from Didier Trono 
(Addgene plasmid # 12260), pMD2.G was a gift from Didier Trono (Addgene plasmid # 
12259). 
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For lentivirus production, 293T/17 cells were co-transfected with psPAX2, 
pMD2.G and the lentiviral plasmid. Lentivirus was harvested 48 h post transfection and 
was centrifuged at 50,000 g for 2 h, 4 °C. Cells were transduced with media containing the 
lentiviral particles for 24 h.  
For transient transfections, 60-80% confluent MDA-MB-231 cells were transfected 
using Lipofectamine 3000 (Thermo Fisher Scientific) based on manufacturer’s 
recommendations. 
 
2.2.6 Cell seeding. Cells were detached from culture dishes using 0.05% trypsin-EDTA 
(Gibco), centrifuged at 300 g for 5 min and resuspended in DMEM 1X, 10% heat 
inactivated FBS, 1% penicillin/streptomycin to a concentration of 5 x 106 cells/mL. For the 
chemotactic gradient experiments cells were resuspended in DMEM 1X, 1% P/S. Of the 
cell suspension 10 – 20 µL were added to the inlet of the devices thus generating a pressure 
driven flow. In PDMS devices, once the flow was equilibrated, cells were allowed to adhere 
and spread outside of the micro-channel entrances at 37 °C and 5% EO- for at least 30 
minutes. Subsequently the inlet/outlet wells were filled with 100 µL media. In HEMICA 
devices, the flow was equilibrated and cells were allowed to adhere and spread at 37 °C 
and 5% EO- for 30 minutes after submersion of the device to 10 mL of media. 
 
2.2.7 Live cell imaging. Cells were imaged every 20 minutes for 5-18 h on an inverted 
Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) with automated controls (NIS-
Elements, Nikon) and a 10x/0.45 numerical Ph1 objective using time-lapse microscopy. A 
stage top incubator (Okolab, Pozzuoli, Italy, or Takai Hit, Shizuoka-hen, Japan) maintained 
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the right temperature and EO-. For epifluorescence imaging, DAPI, FITC, TRITC or 
mCherry filters were used with a 40x air Ph2 objective. 
 
2.2.8 Cell migration tracking and analysis. Live cell videos were analyzed via ImageJ 
(National Institute of Health, Bethesda, Maryland). The MTrackJ plugin (Meijering, 
Dzyubachyk et al. 2012) was used for cell path tracking. The cell tracks were recorded 
from the time of complete entry into the microchannel until contact with the exit was made. 
Cell speed, persistence and velocity was calculated based on a custom-made MATLAB 
script (MathWorks, Natick MA). 
 
2.2.9 Immunofluorescence. Cells were fixed with 4% paraformaldehyde (Affymetrix, 
Inc.), permeabilized in 0.1% Triton X-100 (Sigma) and blocked in 5% bovine serum 
albumin and 5% goat serum. The following primary antibodies were used overnight at 4 
°C to stain cells: anti-pMLC (1:50, phospho-myosin light chain 2 (Ser 19), Cell Signaling), 
anti-NHE1 (1:50, NHE-1 (B-12), Santa Cruz Biotechnology, Inc.). Alexa Fluor 488 
phalloidin (1:100, Invitrogen) was used for actin visualization and Hoechst (1:2500, 
Invitrogen) for the nucleus, for 1 h at room temperature. Corresponding secondary 
antibodies were purchased from Invitrogen. 
 
2.2.10 Immunofluorescence image line profiles. Images were imported in ImageJ and 
lines spanning the entire length of the cells were manually traced through the cell center. 
Line profile measurements of pixel intensity were calculated on ImageJ. Normalization of 
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the cell length to the maximum cell length was performed in Microsoft Excel and plots 
were created via GraphPad Prism 6 and 7. 
 
2.2.11 Confocal imaging. Cells were imaged with a Nikon A1 confocal microscope 
(Nikon, Tokyo, Japan) using 60/63x oil objective with a 1.4 numerical aperture and a 
resolution of 1024x1024 pixels. The lasers used for imaging were either 405-nm, 488-nm, 
567-nm or 640-nm.  
 
2.2.12 Actin flow measurements and quantification. - LifeAct-GFP MDA-MB-231 cells 
were seeded in the microfluidic devices as described above. A z plane just above the basal 
surface was selected. Cells in the microchannels were imaged using a Nikon A1 Confocal 
microscope (Nikon, Tokyo, Japan) with a 488-nm laser and a 60x oil objective at a 
resolution of 1024x1024 pixels every 2-4 sec for 5 min.  Actin flow quantification and 
visualization was performed via the Particle Image Velocimetry tool for Matlab (PIVlab) 
(Thielicke and Stamhuis, 2014). For selected experiments, the length of the cells was 
normalized to their maximum length, 5% of the length incremental bins were created and 
actin flow velocities were averaged over n >= 19. 
 
2.2.13 TFM measurements. Devices and cells were imaged with a Nikon A1 confocal 
microscope (Nikon, Tokyo, Japan) using a 60x oil objective with a 1.4 numerical aperture 
and a 1024x1024 pixel resolutions. 0.2 µm z-stacks were performed over the entire 
HEMICA before the cells were seeded in order to capture the original positions of the 
fluorescent beads. After cells were seeded, 0.2 µm z-stacks were performed every 5 min 
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for 30 min. The z-stack of each position with cells inside the channels was registered to the 
z-stack of the same position of the channel without the cells, and bead displacements from 
their original (no cell) position were calculated over time using a custom made MATLAB 
code. Based on the bead displacements and the stiffness of the gels, we calculated the 
deformation gradient, the Cauchy finite strain tensor, the Lagrangian finite strain, the 
Cauchy-Green deformation tensor, the infinitesimal volume change and finally the Cauchy 
stress tensor which gave us values for shear and normal traction forces.  
 
2.2.14 FRET. Transiently transfected MDA-MB-231 cells expressing the RhoA2G 
biosensor were imaged for CFP (ex: 430/24, em: 470/24), YFP (ex: 500/20, em: 535/30) 
and FRET (ex: 430/24, em: 535/30). The Nikon Elements software (Nikon, Tokyo, Japan) 
was used for background subtraction and outlining of the cell boundary by tracing the YFP 
image (Hung, Chen et al. 2013). The mean pixel ratio of FRET over CFP is reported. 
 
2.2.15 Western Blotting. Western blots were performed as previously described (Wang, 
Zhu et al. 2012, Chen, Hung et al. 2013) using NuPage 4-12% gels. Primary antibodies 
used include: anti-MIIA antibody (rabbit) (Sigma Aldrich M8064, 1:1000), anti-MIIB 
antibody (rabbit) (Cell Signaling 3404S, 1:1000), anti-integrin β1 antibody (mouse) 
(Abcam,  anti-integrin beta 1 antibody (12G10), ab30394, 5 µg/mL), anti-NHE1 antibody 
(mouse) (Santa Cruz Biotechnology, NHE-1 (B-12), SC-515950, 1:200), anti-β-actin 
(Purified Mouse Anti-Actin Ab-5, BD Biosciences 612656, 1:10,000), anti-GAPDH 
(rabbit) (Cell Signaling, GAPDH (14C10), #2118, 1:1000). 
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Secondary antibodies used include: anti-mouse IgG, HRP-linked antibody (Cell Signaling 
7076S, 1:2000), anti-rabbit IgG, HRP-linked antibody (Cell Signaling 7074S, 1:2000), 
donkey anti-goat IgG-HRP (Santa Cruz biosciences, SC-2020, 1:2000). 
 
2.2.16 Focal adhesion quantification. 0.2 µm z-stacks of MDA-MB-231 paxillin-GFP 
cells were taken for the entire height of the microchannel. Common background subtraction 
for all z-stacks of every cell was performed using NIS-Elements (Nikon), followed by pixel 
smoothing (2x), linear background subtraction using a constant (100), detection of regional 
maxima (2x), and thresholding (50-4095). Basal, apical and lateral surfaces were separated 
from the z-stacks and the identified adhesions of each stack were 3D reconstructed for the 
lateral surfaces. Mean area, length and number of adhesions were calculated for the 2D 
(apical and basal) surfaces while surface area, major axis of a fitted ellipse and number 
were calculated for the lateral surfaces. Adhesions with a maximum feret value less than 
0.25 µm and greater than 10 µm were excluded.  
 
2.2.17 Contact guidance quantification. Analyzed cell tracks (MtrackJ plugin in ImageJ) 
of live cell videos were used with a custom MATLAB script. The known position of the 
lateral channel walls and channel center line were used to identify jumps (the number of 
times a cell crossed the channel center line along its path) and the percentage of cell 
locations over time which lay in a ROI 7 µm away from the lateral channel walls.  
 
2.2.18 Swelling ratio measurements. PA gels of 12, 26 and ~50 kPa stiffness, and volume 
100 µL and 1 mL were generated as described earlier. Gels were allowed to swell in PBS 
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-/- at 37 °C and their weight (Ws) was measured daily. When the swelling period ended, 
the same gels were allowed to dry in open air and their weight was measured at time points 
0, 2, 4, 6, 8 and 24 h. Subsequently, the gels were lyophilized and their dry weight was 
measured (Wd). Their swelling ratio was calculated based on the formula: swelling (%) = 
((Ws – Wd) / Wd) x 100.  
 
2.2.19 Stiffness (stress vs strain) measurements. Gels were cut with 6 mm biopsy 
punches to create samples of similar dimensions. A rheometer was used to apply 
mechanical compressive loads to the gels up to a recorded strain of ~10%. Stress vs strain 
curves were generated and the Young’s modulus of the samples was calculated based on 
the formula: E = σ / ε (Young’s modulus = stress / strain).  
 
2.2.20 Morphological measurements. Live cell videos were imported in ImageJ. The 
perimeter of the cells was manually traced in every frame for the duration of their migration 
through the channels. Cells which were dividing or interfering with other cells were 
excluded. Measurements of aspect ratio, circularity, area variance, circularity variance, 
roundness, max ferret diameter, solidity and solidity variance were generated via a custom 
made MATLAB script. 
 
2.2.21 Statistical Analysis. Data represent the mean ± SD or S.E.M. from >= 2 
independent experiments for each condition. 2-way ANOVA, one-way ANOVA followed 
by Kruskal-Wallis test and Mann-Whitney (non-parametric) test were used to determine 
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significance as appropriate. Statistical significance was identified as p < 0.05. Analysis was 
performed using GraphPad Prism 6 and 7. 
 
2.3 Results 
2.3.1 Fabrication of the Hydrogel Encapsulated Microchannel Array (HEMICA). To 
study cell migration in an environment where ECM stiffness and channel size are 
independent of one another, we used photolithography techniques as well as 
polyacrylamide (PA) gels, whose stiffness can be highly regulated to stay within 
physiological levels. First, we microfabriacated migration channels on a silicon wafer and 
then used the wafer as a mold upon which we polymerized PA (Fig. 2-1.Ai). As a result, 
the microchannel design was imprinted on the lower surface of the gel (design-gel). 
Second, we activated coverslips and polymerized a thin (~60-100 µm) flat layer of PA 
(flat-gel) with the same or different stiffness than the design-gel (Fig. 2-1.Aii). Both the 
flat-gel and the design-gel were allowed to reach their maximum swelling in PBS at 37 °C. 
The volume of PA, the stiffness and the temperature in which the gels are kept are 
important factors in determining the time needed to reach their maximum uptake of PBS 
(Park and Hoffman 1992). In addition, based on the stiffness of the gels we observed 
different final gel volume maxima (Fig. 2-1.B), with the stiffer gels reaching a lower 
swelling ratio than the softer ones. Furthermore, since the flat-gels contained a smaller 
volume of liquid, they dried much faster than the design-gels, which indicated that the time 
gels stayed outside of a hydrating liquid had to be minimized. Once the gels were swollen, 
we air-blew the excess PBS from the surfaces of the gels, punched inlet/outlet holes on the 
design-gel and spread BS3 on the surface of the flat-gel (Fig. 2-1.Aiii). Subsequently, we 
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placed the design-gel on top of the flat-gel and allowed them to adhere. BS3, as an NHS-
ester and at a slightly basic pH, formed a monolayer of amide bonds with the primary 
amines of the PA gels (Fig. 2-2.A). As a result, we bonded two gel surfaces together, 
encapsulated the microchannels in-between the gels and created a device in which either 
all four walls of microchannels were made out of the same material and presented the same 
physiologically relevant stiffness (isotropic gels) or the flat-gel had a different stiffness 
than the top design-gel (anisotropic gels) (Fig. 2-1.C, Fig. 2-2.B). Furthermore, we were 
able to imprint a microchannel array which  allowed us to study cell migration under 
various degrees of confinement, with or without chemical or osmotic gradients. Finally, in 
order to adhere cells on the device we used sulfosuccinimidyl 6-(4’-azido-2’-
nitrophenylamino)hexanoate (Sulfo-SANPAH) to coat the encapsulated microchannels 
with the desired ECM protein (Fig. 2-1.Aiv). Once, the cells were seeded, we submerged 
the device in media in order to create an environment with no flow, no gradients and 
preserve the volume of the flat-gel, thus avoiding loss of gel-to-gel adhesion due to unequal 
shrinkage of the design-gel and the flat-gel. In our attempt to mimic healthy to cancerous 
breast tissue stiffness (Krouskop, Wheeler et al. 1998, Engler, Sen et al. 2006, Golatta, 
Schweitzer-Martin et al. 2013), we fabricated HEMICAs of 12, 26 and ~50kPa Young’s 
modulus (low, intermediate and high stiffness), and confirmed the stiffness using a 






Figure 2-1. HEMICA fabrication and characterization. (A) Schematic representation 
of the production of polyacrylamide (PA) gels with microfluidic tracks, assembly of 
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HEMICA and ECM protein coating. (B) Swelling ratios of the design-gel (1 mL of PA 
mix) and the flat-gel (100 µL of PA mix). The weight of the gels for swelling in PBS at 37 
°C was measured daily, while the weight of the gels drying in open air was measured at 0, 
2, 4, 6, 8 and 24 hours after reaching their maximum swelling (3 gels for each stiffness). 
Dry weight was measured after lyophilization. (C) Picture of assembled HEMICA 
(dimensions of coverslip: W x L = 22 x 40 mm; white bar represents 15 mm). (D) 
Representative stress-strain curves from rheological measurements for calculation of gel 
stiffness (n = 2 independent experiments, 3 gels of 100 µL PA mix for each stiffness). Data 
represent the mean ± SD. * p < 0.05 relative to each of the other two stiffnesses for the 



























Figure 2-2. Chemical reaction responsible for production of HEMICA and HEMICA 
design. (A) Schematic representation of amide bond formation reaction between the 
primary amines of the top and bottom (design-gel and flat-gel) and the NHS-ester ligand 









2.3.2 HEMICA Reveals the Biphasic Relationship Between Cell Speed and Degree of 
Confinement or Matrix Stiffness, the Induction of Cell Morphodynamic Changes and 
the Stiffness Regulated Contact Guidance. In order to decipher the relationship between 
cell speed, degree of confinement and matrix stiffness, we used MDA-MB-231 human 
breast cancer cells in collagen I coated HEMICAs of low, intermediate and high stiffness, 
and created a microchannel array containing channels of constant height and length (H = 
10 µm, L = 200 µm), yet with variable widths. In this way, we were able to investigate the 
speeds as well as morphological cell responses in a range of microenvironments spanning 
from high confinement (W = 3 µm) to no confinement (W = 50 µm). Irrespective of the 
stiffness, we observed that speed varied biphasically with channel width, reaching a single 
optimum around W = 10 µm (Fig. 2-4.A). In addition, for every channel width, speed 
varied biphasically with substrate stiffness, showing a single optimum at intermediate 
stiffness, which lies on the cusp between healthy and cancerous breast tissue (Fig. 2-3.A). 
Cell persistence or chemotactic index increased monotonically with stiffness, showing 
higher values at higher stiffness, especially for widths larger than 10µm, which cells 
recognize as a 2D-like environment (Fig. 2-3.B). Intermediate and high stiffness increased 
cell polarization in confinement (W = 3, 6 µm), as seen from aspect ratio measurements 
(Fig. 2-3.C). Reversely, cell circularity and roundness was higher in low stiffness 
throughout all channel widths, suggesting reduced cell-matrix adhesions (Fig. 2-3.D, Fig. 
2-4.B). While the maximum feret diameter, which represents the largest point to point 
distance within a cell for the duration of its migration, was relatively equal through most 
channel widths and stiffnesses, solidity, which is a variable indicating how protrusive a cell 
is, showed consistently lower values on intermediate stiffness gels regardless of the degree 
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of confinement (Fig. 2-4.D). On the other hand, the variance of solidity was greater in the 
confining widths at intermediate stiffness, with the biggest differences in the 10 µm width 
channels (Fig. 2-4.E). Cells, at this particular optimum of stiffness and confinement, moved 
faster and more dynamically, as they kept varying their small protrusions in order to attain 
high speeds. Moreover, we observed that the variance of the area and circularity of the cells 
increased in low stiffness almost through all channel widths, as cells implemented drastic 
morphodynamic changes in the process of achieving an optimum mode of migration at low 
adhesion environments (Fig. 2-3.E, F).  
The large widths of our microchannel array allowed cells to move in a 2D-like 
environment yet also presented a special topography at the intersection between two 
channel walls. Cells can sense the existence of both bottom and side walls, and migrate 
preferentially along one side of the microchannel (contact guidance) (Paul, Shea et al. 
2016). Through HEMICA, we could observe how substrate stiffness influences contact 
guidance. Based on the number of times cells crossed the center-line of the channel (jumps) 
and the probability of following a path within the central region of the channel, we showed 
that low stiffness regimes reduce contact guidance (Fig. 2-3.G, H).  
To sum up, HEMICA allowed us to observe a biphasic behavior in cell speed 
through various degrees of confinement and stiffness, and categorize cell behavior in low 
and high stiffness regimes, where low stiffness induces great morphodynamic changes, less 
contact guidance and invokes rounder cells, while higher stiffness increases cell persistence 
and polarization. Confinement, accentuates traits such as cell polarization/aspect ratio, 



















Figure 2-3. Physiological stiffnesses affect cell speed, induce morphodynamic changes 
and regulate contact guidance. (A) Migration speed, (B) Persistence of MDA-MB-231 
cells in 12, 26 and 50kPa HEMICAs across channels of fixed height and length (H = 10 
µm, L = 200 µm) with width spanning from 3 µm to 50 µm (n >= 23, pulled from 6 
independent experiments). (C) Aspect ratio, (D) Circularity, (E) Area variance, (F) 
Circularity variance of MDA-MB-231 cells in 12, 26 and 50kPa HEMICAs across channels 
of fixed height and length (H = 10 µm, L = 200 µm) with width spanning from 3 µm to 50 
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µm (n >= 23, pulled from 6 independent experiments). (G) Average number of jumps 
(number of times cells crossed the center line of a microchannel) of MDA-MB-231 cells 
in 12, 26 and 50kPa HEMICAs across channels of fixed height and length (H = 10 µm, L 
= 200 µm), and large widths (20 and 50 µm) (n >= 39, pulled from 6 independent 
experiments). (H) Average probability of MDA-MB-231 cells migrating along the central 
portion of a microchannel, 7 µm away from the lateral channel walls in 12, 26 and 50kPa 
HEMICAs across channels of fixed height and length (H = 10 µm, L = 200 µm), and large 
widths (20 and 50 µm) (n>=39, pulled from 6 independent experiments). Data represent 
the mean ± SD. * p < 0.05 relative to the other stiffnesses for the same channel width, 2-
































Figure 2-4. Speed measurements and morphological analysis in HEMICA. (A) 
Migration speed of MDA-MB-231 cells in 12, 26 and 50kPa HEMICAs across channels 
of fixed height and length (H = 10 µm, L = 200 µm) with width spanning from 3 µm to 50 
µm (n >= 23, pulled from 6 independent experiments). Data represent the mean ± S.E.M. 
(B) Roundness, (C) Maximum Feret Diameter, (D) Solidity, (E) Solidity variance of MDA-
MB-231 cells in 12, 26 and 50kPa HEMICAs, across channels of fixed height and length 
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(H = 10 µm, L = 200 µm) with width spanning from 3 µm to 50 µm (n >= 23, pulled from 
6 independent experiments). Data represent the mean ± SD. * p < 0.05 relative to the other 





















2.3.3 HEMICA Generates Anisotropic Environments, Allows Experiments with 
Chemotactic Gradients, Supports the Use of TFM and Helps Monitor Collective and 
Single Cell-file Migration. The distinct HEMICA assembly process which involves 
bonding an upper design-gel containing three of the micro-channel walls to a lower flat-
gel that provides the base of the channels allowed us to create microenvironments of 
varying stiffness between the top/side and the bottom. Thus, we could emulate tissue 
topographies where the basal cell surface lies on the stiffer basement membrane or on 
muscle fibers and the rest of the cell is in contact with softer surrounding connective tissue. 
Knowing that confined migration in intermediate stiffness gels was faster than in low 
stiffness ones, we performed experiments in which the design-gel (that provided the apical 
and lateral surfaces of a microchannel) and the flat-gel (that provided the basal surface of 
a microchannel) were mixed and matched. This resulted in 4 different HEMICAs with the 
following apicolateral to basal stiffness of microchannel combinations: 12 kPa on 12 kPa, 
12 kPa on 26 kPa, 26 kPa on 12 kPa and 26 kPa on 26 kPa. While confined migration (W 
x H: 3 x 10 µm) in the isotropic (12 on 12) and (26 on 26) HEMICAs was the slowest and 
fastest respectively, the anisotropic HEMICAs showed intermediate results. The change of 
one surface made the cells move with a speed closer to that of the isotropic equivalent of 
that surface. Going from the 12 on 12 gel to the 12 on 26 gel made cells faster, since the 
26 on 26 is the fastest environment, and going from the 26 on 26 to the 26 on 12 gel made 
cells slower, since the 12 on 12 is the slowest environment (Fig. 2-5.A). A similar pattern 
was seen in cell velocities (Fig. 2-6.A). In terms of persistence, the variations between the 
slowest isotropic and the anisotropic gels were too small yet in the right direction, and the 
fastest isotropic gel (26 on 26) showed a significantly higher persistence than all other 
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combinations (Fig. 2-6.B). As a control, we measured the speed of non-contact guided 
MDA-MB-231 cells in anisotropic HEMICAs of W = 50 µm which should not have been 
affected by the design-gel (Fig. 2-6.B). As expected, cell speeds on HEMICAs with 12  
kPa and 26 kPa basal flat-gels where different, while cells on HEMICAs with the same 
stiffness flat-gel migrated with similar speeds regardless of the apicolateral gel stiffness. 
These results indicated that the stiffness of the walls of a microchannel can differentially 
affect cell migration when cells are in contact with all of them.  
In all of our experiments so far, we have been submerging HEMICAs in media for 
two reasons; first in order to study migration when no gradients are present, and second, to 
ensure that the hydrogels won’t shrink over time. In order to study migration under a 
gradient, however, we managed to maintain the bonding of the flat-gel to the design-gel 
and prevent shrinkage by increasing the humidity in the live-microscopy incubator 
chamber. Simply adding more DI water in the chamber allowed the devices to stay intact 
for the course of at least 15 h experiments. In order to showcase that HEMICA can be used 
in experiments with chemotactic gradients, we added 1% FITC-dextran on the top wells of 
a 26 kPa HEMICA and PBS on the bottom ones. Under no flow conditions, we established 
a gradient through the microchannels (blue), in-between the upper (cell exit side - red color 
Region Of Interest (ROI)) and the lower (cell seeding side - green color ROI) sides of the 
device (Fig. 2-5.C). Mass transfer allowed for a stable gradient that lasted at least 15 h (Fig. 
2-5.D). By normalizing the fluorescence intensity of the ROIs over time to the maximum 
intensity of the upper ROI, we observed that the channel ROI average intensity was in 
intermediate levels between the upper and lower ROIs (Fig. 2-5.E). After showcasing the 
establishment of gradients in HEMICA, we generated a 10% FBS gradient in 12 kPa 
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HEMICAs and tested the response of MDA-MB-231 cells in confined microchannels (W 
x H: 3 x 10 µm). The chemotactic gradient, evidently, increased the speed and the 
persistence of migration (Fig. 2-5.F, G).   
By adding fluorescent nanospheres to the polyacrylamide mix, we were also able 
to use HEMICA for 3D traction force microscopy (TFM). Thus, we examined the traction 
forces exerted by MDA-MB-231 cells in confined microchannels (W x H: 3 x 10 µm) in 
12, 26 and 50 kPa HEMICAs. As shown by the representative heat maps, both normal and 
shear traction forces increased with stiffness (Fig. 2-6.C). Average normal forces 
throughout the cell were almost double in magnitude than the shear forces in each stiffness. 
In addition, normal forces pushed/indented the micro-channel walls as the cells migrated 
through the preformed tracks. On the lower stiffnesses, shear and normal forces were 
concentrated around the nuclear region, which indicated that the nucleus becomes a barrier 
in soft substrate confined migration. On the higher stiffnesses, traction forces were spread 
throughout the cell body, suggesting a greater interaction between the walls and the cell 
membrane.  
In addition to single cell migration, HEMICA can be used to study collective or 
single cell file migration, which are both prevalent in-vivo (Alexander, Koehl et al. 2008). 
To exhibit both of these uses, we used a multichannel design with channels of fixed height 
and length (H: 10 µm, L: 200 µm), yet with widths ranging from 3 µm to 50 µm. 
Subsequently, we formed a confluent monolayer of A431 squamous cell carcinoma cells 
on the cell seeding areas of 50 kPa HEMICAs. Cells entering the larger (50 µm and 20 µm) 
width channels used a collective mode of migration (Fig. 2-5.H, I), while cells in smaller 
width channels migrated as single cells or single cell-files (Fig. 2-5.J).  
 44 
To sum up, we were able to use HEMICA to create isotropic and anisotropic 
stiffness microenvironments, environments that promote collective and single cell file 
migration, and chemotactic gradients. Our experiments raise the importance of the basal 
and apicolateral walls of a microchannel in confined migration and prove that HEMICA is 









































Figure 2-5. HEMICA is a multifaceted tool which can be used to generate stiffness 
anisotropy and chemotactic gradients, study collective and single cell-file migration, 
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and analyze forces in 3D through Traction Force Microcopy (TFM). (A) Confined 
migration speed, (B) Persistence of MDA-MB-231 cells in isotropic and anisotropic 
HEMICAs of apicolateral (top) on basal (bottom) PA stiffness gel combinations: 12 on 12 
kPa, 12 on 26 kPa, 26 on 12 kPa, 26 on 26 kPa. The channel height, length and width were 
H = 10 µm, L = 200 µm, W = 3 µm (n >= 170, 3 independent experiments were performed). 
One-way non parametric ANOVA (Kruskal-Wallis test) was performed, * p < 0.05. (C) 
Phase contrast image (left) and FITC image (right) of 26 kPa HEMICA showing H = 10 
µm, L = 200 µm, W = 3 µm microchannels with 1% wt/vol FITC-Dextran added on the 
top side and PBS on the bottom for chemotactic gradient measurements. Red, green and 
blue boxes represent the upper, lower and channel ROIs used for fluorescence 
measurements. Scale bars represent 100 µm. (D) Representative moving average (average 
over 3 frames, 10 minutes per frame) of mean FITC-Dextran fluorescence intensity over 
time for all three aforementioned ROIs (2 independent experiments were performed). (E) 
Representative graph of mean FITC-Dextran fluorescence intensity of all three 
aforementioned ROIs normalized to the upper ROI (red box). One-way non parametric 
ANOVA on ranks (Kruskal-Wallis test) was performed, * p < 0.05. (F) Confined migration 
speed, (G) Persistence of MDA-MB-231 cells through H = 10 µm, L = 200 µm, W = 3 µm 
channels in 26 kPa HEMICA under 10% fetal bovine serum (FBS) as a chemoattractant. 
Mann-Whitney (non-parametric) test was performed, * p < 0.05. (H) Image of collective 
migration of A431 cells through 50 µm channels in 50 kPa HEMICA. (I) Image of 
collective migration of A431 cells through 20 µm channels in 50 kPa HEMICA. (J) Image 
of single cell and single cell-file migration of A431 cells through 10 µm channels in 50 























Figure 2-6. Stiffness anisotropy and TFM. (A) Confined migration speed of MDA-MB-
231 cells in isotropic and anisotropic HEMICAs of apicolateral (top) on basal (bottom) PA 
 48 
stiffness gel combinations: 12 on 12 kPa, 12 on 26 kPa, 26 on 12 kPa, 26 on 26 kPa. The 
channel height, length and width were H = 10 µm, L = 200 µm, W = 3 µm (n >= 170, 3 
independent experiments were performed). One-way non parametric ANOVA (Kruskal-
Wallis test) was performed, * p < 0.05. (B) Migration speed of non-contact guided MDA-
MB-231 cells in isotropic and anisotropic HEMICAs with the aforementioned 
combinations through 2D-like channels with dimensions H = 10 µm, L = 200 µm, W = 50 
µm (n = 129, 4 independent experiments were performed). One-way non parametric 
ANOVA (Kruskal-Wallis test) was performed, * p < 0.05, ** p = 0.0007, *** p < 0.0001. 
(C) Representative 3D heatmaps of normal and shear traction forces in 12, 26 and 50 kPa 
HEMICAs. The heatmap scale bars include the highest occurring values of traction forces. 














2.3.4 Confined Migration in Physiologically Relevant Stiffness in HEMICA Reveals 
the Important Roles of Myosin IIA-based Contractility, Integrin b1 and Focal 
Adhesions. In our attempt to dig deeper into the elements that affect non-proteolytic 
confined cell migration, we fabricated HEMICAs of intermediate stiffness (26 kPa) (in 
which cells exhibited optimum speeds), fixed the channel width to 3 µm and analyzed the 
migration of MDA-MB-231 cells in HEMICA compared to PDMS-based microfluidic 
devices, which are the current golden standard in the field.  
In PDMS, inhibition of contractility with a high dose of blebbistatin had a minor 
effect in cell speed (Fig. 2-6.A) and no effect in cell persistence (Fig. 2-7.A). In HEMICA 
cell speed and persistence reduced dramatically (Fig. 2-6.A, Fig. 2-7.A), indicating the 
importance of contractility in soft substrate migration.  
To elucidate the roles of the primary myosin isoforms which are implicated in cell 
migration, we generated MIIA (Myh9), MIIB (Myh10) and combined MIIA and MIIB 
knock-downs (Fig. 2-6.G). Our results showed that MIIA is the primary myosin responsible 
for soft substrate confined migration, since it reduced the speed (Fig. 2-6.B) and persistence 
(Fig. 2-7.B) of migrating cells. MIIB did not affect any of these parameters (Fig. 2-7.C, 
D), and more importantly, there was no additive effect from the combined knock-down 
(Fig. 2-7.E, F). As expected from the pharmacological inhibition of contractility, none of 
the major myosin genes that affect migration had any effect on migration in PDMS (Fig. 
2-6.B, Fig. 2-7.B-F). However, the elevated levels of RhoA in PDMS compared to 
HEMICA (Fig. 2-6.E) would have signified a greater impact of contractility in stiff 
substrate migration. To clarify this point, we stained for phosphorylated myosin light chain 
(pMLC), a downstream effector of MLCK which in turn is regulated by RhoA. In PDMS, 
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pMLC was localized on the front and rear of the cell, whereas in HEMICA it was present 
throughout the entire cell body (Fig. 2-6.C, D). As a result, we attributed the loss of 
importance of contractility in PDMS and reversely the gain of importance in HEMICA to 
the polarization of pMLC which rendered the cells unable to push and pull the cell body 
efficiently.  
Focal adhesions and integrins are crucial for 3D migration and their function is 
closely interrelated to myosin contractility for the propagation of contractile forces to the 
extracellular environment. As such, we set forth to investigate their role on confined 
migration in PDMS versus in 26 kPa HEMICA. Since integrin b1 is abundant in MDA-
MB-231 cells and mediates adhesion to collagen I, we generated knock-downs (Fig. 2-7.H) 
and studied their migration in collagen I coated PDMS microchannels and 26 kPa 
HEMICAs. In PDMS, integrin b1 was dispensable for migration since b1-KD showed no 
difference in speed compared to scramble control cells (Fig. 2-6.F). On the other hand, b1 
played a crucial role in soft substrate migration, since the knock-down almost abrogated 
migration (Fig. 2-6.F).  
In order to understand why integrin b1 had no significant effect in stiff substrate 
migration and also further elucidate the role of focal adhesions in soft substrate confined 
migration, we transduced our cells with paxillin-GFP, used confocal microscopy and 
performed 0.2 µm z-stacks over the entire channel height. Subsequently, we reconstructed 
the z-stack volume of adhesions in 3D, split the field on four wall surfaces (basal, apical 
and two lateral) and revealed the existence of adhesions all around  the cell body. Compared 
to PDMS, paxillin-rich adhesions on the basal and lateral surfaces in HEMICA were 
smaller (Fig. 2-6.G, H, Fig. 2-8.A, C, Fig. 2-9.A) and on average their number on the basal 
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plane was the same (Fig. 2-8.B). Similar trends were observed on the basal focal adhesions 
on the 2D region of the devices (Fig. 2-8.E-G). On the contrary, adhesions on the apical 
surfaces had no significant differences (Fig. 2-8.H-J). Surprisingly, when integrin β1 was 
knocked down, although lateral and apical adhesions were eliminated in PDMS (Fig. 2-
6.H, F, Fig. 2-8.C,D, H-J, Fig. 2-9.A), on the basal surface their size remained the same 
(Fig. 2-6.G, Fig. 2-8A, Fig. 2-9.A) and their number increased as compared to scramble 
control (Fig. 2-8..B, Fig. 2-9.A). As a result, while the lateral and apical adhesions did not 
seem to influence cell speed, the basal adhesions proved to be critical in stiff substrate 
confined migration. On the 2D region of PDMS devices, adhesion size of integrin β1 
knock-down cells reduced yet their number showed an increasing trend (Fig. 2-8.E-G). On 
the other hand, in HEMICA integrin b1 knock-down eliminated all adhesions from all 
planes in confinement and on 2D (Fig. 2-6.G, H, Fig. 2-8.A-J, Fig. 2-9.A). Considering the 
major impact of myosin in soft substrate confined migration, the elimination of adhesions 
in HEMICA explains why migration was abrogated in β1-KD cells and raises the 
importance of integrins and focal adhesions in soft substrate confined migration.  
To sum up, through HEMICA we revealed the essential roles of MIIA, integrin b1 
and focal adhesions in soft substrate confined migration. We attributed the diminished role 
of MIIA in contracting the cell body and affecting cell speed in PDMS to the high 
polarization of pMLC. We justified the non-essential function of integrin b1 in influencing 
cell speed in PDMS to the maintenance of cell adhesions even when b1 was knocked-down 
and revealed the existence of focal adhesions all around the cell body in confined migration 
























Figure 2-6. Myosin IIA-based contractility, integrin β1 and focal adhesions are 
critical for confined migration in HEMICA. (A) Confined migration speed of MDA-
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MB-231 cells in PDMS and 26 kPa HEMICA under high dose blebbistatin (50 µM) 
treatment for contractility inhibition (n >= 109, 3 independent experiments were 
performed). Mann-Whitney (non-parametric) test was performed. (B) Confined migration 
speed of MDA-MB-231 MIIA-KD cells in PDMS and 26 kPa HEMICA (n >= 99, 3 
independent experiments were performed). Mann-Whitney (non-parametric) test was 
performed. (C) Phase contrast and epifluorescence images of fixed and stained MDA-MB-
231 cells in PDMS and 26 kPa HEMICA in confinement depicting nucleus (Hoechst), actin 
(phalloidin) and pMLC localization. Scale bar represents 5 µm. (D) Quantification of the 
pMLC fluorescence intensity line profile in PDMS and 26 kPa HEMICA of the previous 
epifluorescence image down the center of the cells. Intensity values were normalized to the 
maximum pixel intensity of each cell. (E) RhoA FRET ratios of MDA-MD-231 cells in 
PDMS and 26 kPa HEMICA on 2D and confined environments (n >= 28, 2 independent 
experiments were performed). ROUT method was used to identify 1% of outliers and 
Mann-Whitney (non-parametric) test was performed for statistical analysis. (F) Confined 
migration speed of MDA-MB-231 β1-KD cells in PDMS and 26 kPa HEMICA (n >= 138, 
3 independent experiments were performed). Mann-Whitney (non-parametric) test was 
performed. (G) Focal adhesion area of MDA-MB-231 β1-KD paxillin-GFP cells on the 
basal plane of PDMS and 26 kPa HEMICA confining channels (n >= 10, > 3 independent 
experiments were performed). One-way non parametric ANOVA on ranks (Kruskal-Wallis 
test) was performed. (H) Focal adhesion surface of 3D reconstructed adhesions of MDA-
MB-231 β1-KD paxillin-GFP cells on the lateral walls of PDMS and 26 kPa HEMICA 
confining channels (n >= 10, > 3 independent experiments were performed). One-way non 
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parametric ANOVA on ranks (Kruskal-Wallis test) was performed. Data represent the 












































Figure 2-7. Contractility and integrin β1 regulate confined migration in soft 
substrates. (A) Confined migration persistence of MDA-MB-231 cells in PDMS and 26 
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kPa HEMICA under high dose blebbistatin (50 µM) treatment for contractility inhibition 
(n >= 109, 3 independent experiments were performed). Mann-Whitney (non-parametric) 
test was performed. (B) Confined migration persistence of MDA-MB-231 MIIA-KD cells 
in PDMS and 26 kPa HEMICA (n >= 99, 3 independent experiments were performed). 
Mann-Whitney (non-parametric) test was performed. (C) Confined migration speed of 
MDA-MB-231 MIIB-KD cells in PDMS and 26 kPa HEMICA (n >= 74, 3 independent 
experiments were performed). Mann-Whitney (non-parametric) test was performed. (D) 
Confined migration persistence of MDA-MB-231 MIIB-KD cells in PDMS and 26 kPa 
HEMICA (n >= 74, 3 independent experiments were performed). Mann-Whitney (non-
parametric) test was performed. (E) Confined migration speed of MDA-MB-231 
MIIA&B-KD cells in PDMS and 26 kPa HEMICA (n >= 171, 3 independent experiments 
were performed). Mann-Whitney (non-parametric) test was performed. (F) Western blots 
showing the knockdown efficiencies of  shMIIA, shMIIB and shMIIA&B. β-Actin was 
used as housekeeping protein. (H) Western blot showing the knockdown efficiency of 































Figure 2-8. Quantification of focal adhesions in 3D. (A) Focal adhesion length, (B) Focal 
adhesion number of MDA-MB-231 β1-KD paxillin-GFP cells on the basal plane of PDMS 
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and 26 kPa HEMICA confining channels (n >= 10, > 3 independent experiments were 
performed). One-way non parametric ANOVA on ranks (Kruskal-Wallis test) was 
performed. (C) Focal adhesion major axis and (D) focal adhesion number of 3D 
reconstructed adhesions of MDA-MB-231 β1-KD paxillin-GFP cells on the lateral walls 
of PDMS and 26 kPa HEMICA confining channels (n >= 10, > 3 independent experiments 
were performed). One-way non parametric ANOVA on ranks (Kruskal-Wallis test) was 
performed. (E) Focal adhesion area, (F) focal adhesion length and (G) focal adhesion 
number of MDA-MB-231 β1-KD paxillin-GFP cells on the 2D seeding regions of PDMS 
and 26 kPa HEMICA (n >= 17, > 3 independent experiments were performed). ROUT 
method was used to identify 1% of outliers and one-way non parametric ANOVA on ranks 
(Kruskal-Wallis test) was performed. (H) Focal adhesion area, (I) focal adhesion length 
and (J) focal adhesion number of MDA-MB-231 β1-KD paxillin-GFP cells on the apical 
plane of PDMS and 26 kPa HEMICA (n >= 10, > 3 independent experiments were 
performed). One-way non parametric ANOVA on ranks (Kruskal-Wallis test) was 


























Figure 2-9. 3D reconstruction of focal adhesions in PDMS and HEMICA. (A) Images 
of focal adhesions of representative SC and β1-KD MDA-MB-231 paxillin-GFP cells in 
PDMS and 26 kPa HEMICA in confinement. Basal focal adhesions are shown as well as 
back and side views of background subtracted and 3D reconstructed 0.2 µm confocal z-
stacks (60x lens). The original dimensions and zoom of the β1-KD images on HEMICA 
have been changed for better visualization of the background signal since adhesions are 
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2.3.5 Experiments in HEMICA Bring to Light the Central Role of Actin and Call into 
Question the Effects of the Osmotic Engine Model in Confined Migration. Since 
confined migration in stiff PDMS substrates is characterized by a front-rear polarization of 
actin, we transduced MDA-MB-231 cells with LifeAct-GFP and measured F-actin flow in 
PDMS and compared it to soft 26 kPa HEMICAs. Two distinct patterns of actin flow were 
revealed; in PDMS actin retrograde flow was polarized with higher velocities on the front 
and rear of the cell while in HEMICA actin flow was more homogeneous throughout the 
cell with higher velocities around the cell center and lower at the poles (Fig. 2-10.A). Based 
on the Osmotic Engine Model (OEM), we know that in PDMS-based confined 
environments ions followed by water intake from the front of the cell and its outflux from 
the rear create a force that propels the cells forward (Stroka, Jiang et al. 2014). Since 
sodium hydrogen exchanger 1 (NHE1) was found to initiate the water intake, we generated 
NHE1 and aquaporin 5 (AQP5) knock-downs (Fig. 2-11.A, B) in order to investigate their 
role on confined migration in soft versus stiff substrates. As expected by the OEM model, 
our results showed that migration speed in both NHE1 and AQP5 knock-downs was 
inhibited to the same extent in PDMS and in HEMICA (Fig. 2-10.B, C). However, cell 
persistence was consistently slightly inhibited for both NHE1-KD and AQP5-KD in 
HEMICA (Fig. 2-11.C, D). Staining for NHE1, though, showed once more a definite 
polarization in PDMS (front-rear and at the edges of the nucleus) compared to HEMICA 
in which NHE1 was homogeneously spread throughout the cell body (Fig. 2-10.D, E). This 
discrepancy was reminiscent of the difference on the role of pMLC and contractility in 
PDMS compared to HEMICA. NHE1 is known to function as a plasma membrane anchor 
for actin filaments (Denker and Barber 2002) and aquaporins have been implicated in 
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promoting lamellipodium formation and stabilization of actin filaments (Loitto, Huang et 
al. 2007, Papadopoulos and Saadoun 2015). As such, we hypothesized that if the osmotic 
engine effects were present, then we would still observe migration when actin 
polymerization is inhibited with high doses of latrunculin A. Our experiments showed that 
in PDMS cell motility persisted under actin inhibition while on HEMICA migration was 
abolished (Fig. 2-10.G). As a result, NHE1 and AQP5 may affect confined cell motility in 
soft substrates yet the absence of NHE1 polarization does not allow for migration devoid 
of actin polymerization to take place, rendering the effects of the osmotic engine model 
unidentifiable.  
In summary, our study of MDA-MB-231 cell migration in 26 kPa HEMICA 
revealed the central role of actin in confined cell migration on a physiologically relevant 
stiffness and uncovered the potential for a novel role of NHE1 and AQP5 in soft substrate 
confined migration. In PDMS, front-rear polarization of basic cytoskeletal or membrane 
elements diminished the importance of some (actin, MIIA) and added to the functionality 
of others (NHE1, AQP5), while in HEMICA all elements had to be in symphony with each 






























Figure 2-10. Soft substrate confined migration cannot proceed without actin. (A) 
Representative heat maps of confined migration actin flow of MDA-MB-231 LifeAct-GFP 
 64 
cells in PDMS and 26 kPa HEMICA. Quantification of F-actin velocities. The yellow 
dotted lines denote the axis over which actin velocities were calculated. (B) Confined 
migration speed of MDA-MB-231 NHE1-KD cells in PDMS and 26 kPa HEMICA (n >= 
96, 3 independent experiments were performed). Mann-Whitney (non-parametric) test was 
performed. (C) Confined migration speed of MDA-MB-231 AQP5-KD cells in PDMS and 
26 kPa HEMICA (n >= 176, > 3 independent experiments were performed). Mann-
Whitney (non-parametric) test was performed. (D) Representative epifluorescence images 
of the nucleus (Hoechst/blue) and NHE1 (red) of confined MDA-MB-231 cells in PDMS 
and 26 kPa HEMICA. Images were taken using a 20x lens. Scale bars represent 20 µm. (E) 
Quantification of the NHE1 fluorescence intensity of the previous representative images 
over a line that runs through the center of the cells from left to right. Values were 
normalized to the maximum pixel intensity of each cell. (G) Confined migration speed of 
MDA-MB-231 cells under 2 µM latrunculin treatment for actin inhibition in PDMS and 26 
kPa HEMICA (n >= 150, 3 independent experiments were performed). Mann-Whitney 























Figure 2-11. NHE1 and AQP5 channels are important for confined migration in soft 
substrates. (A) Western blot showing the knockdown efficiency of shNHE1. Two shRNA 
sequences (seq.2 and seq.7) were tested and the final NHE1-KD which was used for the 
experiments was produced using both of them since it resulted a better knock-down. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as housekeeping protein. 
(B) qPCR showing the relative expression of AQP5 in cells transduced with two shRNA 
sequences (sh1, sh3). The cell line transduced with the lentivirus containing sh3 was used 
for the experiments. (C) Confined migration persistence of MDA-MB-231 NHE1-KD cells 
in PDMS and 26 kPa HEMICA (n >= 96, 3 independent experiments were performed). 
Mann-Whitney (non-parametric) test was performed. (D) Confined migration persistence 
 66 
of MDA-MB-231 AQP5-KD cells in PDMS and 26 kPa HEMICA (n >= 176, > 3 
independent experiments were performed). Mann-Whitney (non-parametric) test was 





















2.3.6 Contractility Dependent Polarization of pMLC and NHE1 in Confined Cell 
Migration. Contractility has been suggested to have a critical role in substrate 
mechanosensing (Griffin, Sen et al. 2004, Discher, Janmey et al. 2005) and we have shown 
that RhoA, which affects stress fiber formation, stabilization of focal adhesions and 
contractility levels, is higher on 2D and confined MDA-MB-231 cells on stiff substrates 
(glass/PDMS) than on softer 26 kPa HEMICAs. Consequently, we hypothesized that the 
lower, physiological stiffness of HEMICAs leads to a RhoA decrease which subsequently 
facilitates the depolarization of actin, pMLC and NHE1. In short, we attempted to make 
cells in PDMS respond and function as cells in HEMICA. In order to emulate the lower 
contractility environment in HEMICA we treated confined cells in PDMS with a low dose 
of blebbistatin. Speed measurements showed a significant increase in cell speed which 
reached values even higher than the ones observed in W = 3 µm 26 kPa HEMICA (Fig. 2-
12.A). In addition, MDA-MB-231 cells transduced with paxillin-GFP under low 
blebbistatin treatment showed a minor reduction of the size of basal focal adhesions (Fig. 
2-12.B) and a significant reduction on the number of adhesions (Fig. 2-12.C). Actin flow 
measurements under low blebbistatin treatment indicated a loss of actin retrograde flow 
polarization with a more homogeneous flow throughout the cell body similar to 26 kPa 
HEMICA measurements (Fig. 2-12.D). Actin staining, also, revealed the loss of actin 
polarization under low blebbistatin (Fig. 2-12.E). Furthermore, staining for pMLC and 
NHE1 under minor reduction of contractility led to a loss of their front-rear polarization 
(Fig. 2-12.F). Finally, by adding a high dose of latrunculin A in addition to the low dose of 
blebbistatin we managed to achieve almost complete abrogation of migration in PDMS, 
the same way we abolish motility in HEMICA (Fig. 2-12.G). 
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In summary, by minimally reducing cell contractility in PDMS, in order to replicate 
the cellular conditions in HEMICA, we achieved higher speeds, less adhesions, reversal of 
actin flow, NHE1 and pMLC polarization, and functionally we abrogated migration with 










































Figure 2-12. Myosin facilitates pMLC and NHE1 polarization. (A) Confined migration 
speed of MDA-MB-231 cells in PDMS and 26 kPa HEMICA under low dose of 
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blebbistatin (5 µM) treatment for partial contractility inhibition (n = 174, 3 independent 
experiments were performed). Mann-Whitney (non-parametric) test was performed. (B) 
Basal plane focal adhesion area and (C) basal plane focal adhesion number of MDA-MB-
231 paxillin-GFP cells under low blebbistatin (5 µM) treatment in PDMS confining 
channels (n >= 28, 2 independent experiments were performed). Mann-Whitney (non-
parametric) test was performed. (D) Quantification of F-actin velocities of MDA-MB-231 
LifeAct-GFP cells in PDMS under low blebbistatin (5 µM) treatment. Velocity profiles 
were acquired over a line at the center of the cells from back to front. Cell lengths were 
normalized to the maximum length of each cell. Velocity values of n >= 19 cells were 
averaged for every 5% normalized length segments (data pulled from 3 independent 
experiments). 2-way ANOVA was performed. * p < 0.05, ** p < 0.0005. Velocity values 
were compared between vehicle control (VC) and low blebbistatin treatment for the same 
segment of normalized length. Data represent the mean ± S.E.M. (E) Confocal (60x lens), 
transmitted light (TD) and fluorescence images of fixed and stained MDA-MB-231 cells 
in confinement under low blebbistatin treatment in PDMS. Nucleus (Hoechst/blue), actin 
(green). Scale bar represents 3 µm. (F) Confocal (60x lens), transmitted light and 
fluorescence images of fixed and stained MDA-MB-231 cells in confinement under low 
blebbistatin treatment in PDMS. Nucleus (Hoechst/blue), pMLC (red), NHE1 (cyan). Scale 
bar represents 20 µm. (G) Confined migration speed of MDA-MB-231 cells in PDMS 
under high dose latrunculin A (2 µM), low dose of blebbistatin (5 µM) and combined 
treatment (n >= 109, 3 independent experiments were performed). One-way non parametric 
ANOVA on ranks (Kruskal-Wallis test) was performed. Data represent the mean ± SD. * 
p < 0.0005.  
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2.4 Discussion 
Multiple in-vitro devices attempt to recreate micro-topographies which are found 
in-vivo while controlling the stiffness, dimensions, protein concentrations and water/small 
molecule permeation. These devices include the use of materials such as PA, ECM proteins 
or PDMS. The existence of open micro-tracks in-vivo through which cells migrate with or 
without proteolytic degradation of the ECM has inspired researchers to use either soft 
lithography in order to generate those microchannels and then imprint them on the material 
of their choice or use two-photon microscopy to create those tracks on 3D gels. These 
efforts, however, have led to devices which are either not confining the cells from all sides 
(Pathak and Kumar 2012), creating vertical compression on the cells (Liu, Le Berre et al. 
2015), confining the cells on 1D (Junkin and Wong 2011), capping the microchannels with 
a layer of gel without proper bonding between the top and the bottom gel (Kraning-Rush, 
Carey et al. 2013), using PDMS/glass which are not liquid permeable and exhibit 
stiffnesses over 1000kPa (Balzer, Tong et al. 2012) or using expensive/scarce techniques 
such as two-photon microscopy for creating microchannels in 3D which do not allow high 
throughput experiments (DeForest and Anseth 2011).  
With HEMICA, not only do we present a tool which is affordable, built with already 
established techniques and materials, properly confining cells from all directions, allowing 
for chemotactic gradients, stiffness anisotropy, collective and single-cell file migration, 
TFM, immunofluorescence, live-microscopy, confocal microscopy, FRET, high aspect 
ratio micro-fluidic features and high cell throughput, but also we establish a gel-to-gel 
bonding protocol based on primary amines which can be applied beyond polyacrylamide 
to any other material that contains them. As such, HEMICA can be used for studying 
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single-cell behavior, cell-cell communication, cell-matrix interactions and cell population 
dynamics. The unique, highly controlled and physiologically relevant mircro-environment 
generated in HEMICA, also, permits its usage in organ-on-a-chip applications.   
On the other hand, HEMICA has certain limitations. Imprinting microchannels 
smaller than 3 µm would be an issue in really soft gels with Young’s modulus less than 
10kPa. Handling gels of low Young’s modulus will require special attention. Chemical or 
osmotic gradients that last longer than 15 hours may be difficult to achieve unless the 
volume of the gel is tweaked. Finally, really stiff gels (Young’s modulus >=100kPa) won’t 
be able to seal properly unless a longer NHS-ester ligand is used, since both gel surfaces 
that are about to be bonded together won’t come to a sufficient distance from one another. 
Cell migration in 3D occurs via either proteolytic degradation and rearrangement 
of the ECM or via migration through pre-established open micro-tracks. In general, 3D 
migration implicates cell-matrix adhesions, RhoA, ROCK and myosin II for 
mechanotransduction which in turn can govern the mode of migration (Petrie and Yamada 
2012). Cancer cells with a round morphology may exhibit high contractility with low 
adhesions and integrin clustering, moving in an amoeboidal blebbing manner 
(Lammermann, Bader et al. 2008, Deakin and Turner 2011, Lorentzen, Bamber et al. 
2011), while more mesenchymal cells with lower levels of RhoA, ROCK or myosin II are 
dependent upon contractility and β1 integrins for fast migration (Carragher, Walker et al. 
2006, Doyle, Wang et al. 2009, Petrie, Gavara et al. 2012). In addition, reorganization of 
the actin cytoskeleton and local actin polymerization is essential for the creation of 
lamellipodia, podosomes and invadopodia which are needed for driving cell migration and 
invasion (Yamaguchi and Condeelis 2007). On the other hand, confined cell migration 
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through PDMS-based open tracks does not necessarily need myosin contractility in order 
to occur (Hawkins, Piel et al. 2009). The role of β1 integrin is suppressed in breast 
mesenchymal-like MDA-MB-231 and pancreatic epithelial Pa03C cells (Balzer, Tong et 
al. 2012), actin is dispensable for cell motility to proceed once the cells are polarized within 
the confining microchannels, and forces through water permeation are able to drive 
migration (Stroka, Jiang et al. 2014).  
However, by using HEMICA and studying confined migration in physiologically 
relevant stiffnesses, we found that motility in confining spaces shares more characteristics 
with 3D migration. Migration of MDA-MB-231 cells is affected significantly by MIIA-
based contractility and pMLC is found throughout the cell body. Since cells in HEMICA 
are also able to perturb the compliant walls of the microchannel, it is reasonable to suggest 
that confined migration in soft substrates occurs similarly to metastatic adenocarcinoma 
MTLn3E cells in a collagen matrix as described by (Wyckoff, Pinner et al. 2006) where a 
ROCK-dependent regulation of MLC generates enough pushing force that deforms the 
ECM and allows migration. In addition, cell-pressure induced tissue compression as we 
observed via our TFM experiments, has also been witnessed by (Ilina, Bakker et al. 2011) 
where mammary tumor (MMT) breast cancer cells in a 3D collagen gel expand preformed 
tracks by a MMP-independent pushing mechanism. This tumor induced pressure on the 
ECM (Netti, Berk et al. 2000) may lead to condensation of the ECM structure (Egeblad, 
Nakasone et al. 2010) and act as a barrier for drug delivery and macromolecule transport 
(Pluen, Boucher et al. 2001).  
The integrin β1-dependent mode of confined migration of MDA-MB-231 cells in 
HEMICA contrasts with the β1-independent migration in PDMS. Maintenance of basal 
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paxillin-rich adhesions in PDMS after integrin β1 knockdown suggests a high degree of 
plasticity which may enable cells to mobilize a different set of integrins such as PNQ'which 
is found in stiff matrices (Jones and Ehrlich 2011, Zhao, Li et al. 2014) in order to maintain 
the same cell speed. The existence of apicolateral paxillin-rich adhesions, though, and loss 
thereof after β1 knockdown implies a different mode of migration and a secondary role of 
non-basal adhesions in stiff substrate confined migration. On 2D polyacrylamide gels 
coated with collagen I, mouse embryonic fibroblasts (MEFs) and human fibrosarcoma HT-
1080 cells display a biphasic relationship between cell speed and mean focal adhesion size 
(Kim and Wirtz 2013). Knowing that stiffer substrates regulate the phosphorylation of 
multiple proteins involved in focal adhesions such as FAK and paxillin (Pelham and Wang 
1997, Wozniak, Desai et al. 2003) and thus adhesions in stiff substrates are more stable 
than in soft ones (Discher, Janmey et al. 2005), the reduction of the total number and size 
of paxillin rich adhesions in soft substrate confined migration of mesenchymal-like cells 
explains why cells move faster than in stiff PDMS. 
Although actin has been shown to polarize towards the rear of cells by creating a 
higher retrograde actin flow at the cell center thus propelling them forward under vertical 
confinement in A2 migrating cells and low adhesion regimes (Liu, Le Berre et al. 2015), 
our findings through HEMICA in full confining soft environments show that actin is not 
polarized yet actin flow is more homogeneous through most of the cell with higher 
velocities towards the cell center and lower on the front and rear. Actin and actin flow 
polarization are observed in stiff PDMS confining microchannels. Under the same 
conditions, NHE1 assumes a front-rear polarization which supports osmotic engine 
propulsion forces yet in HEMICA neither NHE1 polarization nor its effects are observed 
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under actin inhibition. While NHE1-KD and AQP5-KD reduce the speed of confined 
migration, their mechanism is yet to be determined for soft substrate confined migration.   
Our results suggest that lower adhesion regimes, just like the ones encountered in 
physiological stiffness HEMICAs, increase the dependence of mesenchymal-like cell 
migration on actin, myosin II and β1 integrins due to the smaller adhesions and lower RhoA 
levels. Conversely, via low dose blebbistatin treatment in PDMS which lowers myosin II-
based contractility and focal adhesion number we reverse the initial polarization of actin, 
actin flow, pMLC and NHE1 and abrogate migration via latrunculin treatment. As such, 
cells in PDMS can be manipulated to behave like in HEMICA and myosin II appears to be 
involved in the polarization of cytoskeletal and membranous proteins. Evidence of MLC 
polarization on the dorsal dome of invading cells (Estecha, Sanchez-Martin et al. 2009) 
and NHE1 polarization at the front of invadopodia (Beaty, Wang et al. 2014) with an 
increased Rho-ROCK signaling promoting tumor invasion (Sahai and Marshall 2003), and 
elevated Rho levels aiding mitosis (Narumiya and Yasuda 2006) which is regulated by 
volume-regulated anion channels (VRACs) (Pedersen, Hoffmann et al. 2013), support the 











MYOSIN IIA AND TRPM7 CHANNEL SENSE 




Cells employ various biochemical machinery in order to navigate efficiently 
through the extracellular matrix (ECM). The dimensions of pre-established migration 
tracks through the body confine cells in 3D and affect drastically their migratory behavior. 
Directional dilemmas imposed by intersections of these tracks present a new challenge for 
deciphering the migratory behavior of cells (Pathak and Kumar 2012, Hung, Chen et al. 
2013, Lautscham, Kammerer et al. 2015, Paul, Shea et al. 2016). Choosing one direction 
over another relies on sensing and interpreting chemical and stiffness gradients which 
ultimately govern the cell decision-making process. (Ambravaneswaran, Wong et al. 2010, 
Pathak and Kumar 2012, Plotnikov, Pasapera et al. 2012, Scherber, Aranyosi et al. 2012). 
In addition, various bodily liquids such as the blood and the interstitial fluid can exert 
additional resisting forces on cells in confined micro-environments, thus rendering the 
hydraulic resistance a major contributor in cell decision-making. (Fuerstman, Lai et al. 
2007, Ioannis K. Zervantonakis 2010, Harrison V. Prentice-Motta 2013, Bergert, Erzberger 
et al. 2015). In response to the external pressure, a population of neutrophils has a higher 
probability in choosing the directional track with lower hydraulic resistance 
(Ambravaneswaran, Wong et al. 2010, Harrison V. Prentice-Motta 2013). Combinations 
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of bifurcated channels of different dimensions present different patterns of cell entry 
(Harrison V. Prentice-Motta 2013, Mak and Erickson 2014, Paul, Shea et al. 2016). 
However, it is unclear how hydraulic resistance results into cells exhibiting these decision-
making patterns, which are practically probability distributions of cells entering and 
navigating through set arrays of channel branches. The relationship between hydraulic 
resistance, cell mechanosensing and cell decision-making is yet to be shown.  
For cell entry and migration inside channel branches, the hydraulic resistance or the 
resulting pressure drop to their leading edge has to be physically balanced (Sims, Karp et 
al. 1992, Chicurel, Chen et al. 1998, Lammermann and Sixt 2009, Lieber, Yehudai-Resheff 
et al. 2013). External forces are counteracted by the cell membrane and the cytoskeleton 
which act as physical scaffolds. The rigid actomyosin network, which is connected to the 
lipid bilayer through the membrane-to-cortex-attachment (MCA), provides the majority of 
membrane tension.   (Diz-Munoz, Krieg et al. 2010, Salbreux, Charras et al. 2012, Diz-
Munoz, Fletcher et al. 2013). Contractile forces generated by cortical actomyosin create 
high local hydrostatic pressures which can be sustained for relatively long time scales 
before propagating throughout the rest of the cell (Charras, Yarrow et al. 2005). The 
interplay between the competing forces/pressures across the cell membrane is suspected to 
result in blebbing instability and membrane stretching which in turn leads to 
mechanosensing (Lee and Liu 2015, On Shun Pak 2015).  
Apart from the cortical actomyosin networks, studies on mechanosensitive ion 
channels have raised their importance in various cell functions (Clark, Middelbeek et al. 
2008, Dhennin-Duthille, Gautier et al. 2011, Prevarskaya, Skryma et al. 2011, Ouadid-
Ahidouch, Dhennin-Duthille et al. 2013). In particular, from the transient receptor potential 
 78 
channel (TRP) family, which is present in numerous cancer cells, TRPM7 coupled with 
calcium signaling has been implicated to direct 2D migration (Krapivinsky, Mochida et al. 
2006, Petrie, Doyle et al. 2009, Wei, Wang et al. 2009). In addition, calcium plays an 
important role in several other cell functions which are important for migration such as 
cytoskeletal remodeling, traction force transmission and focal adhesion turnover.  (Ridley, 
Schwartz et al. 2003, Wei, Wang et al. 2009, Chen, Hung et al. 2013, Monteith, 
Prevarskaya et al. 2017). However, molecular signaling and intracellular remodeling are 
still not tied to cell decisions in confinement in a concise manner. 
Here we investigate the dynamics of migrating cells during their decision-making 
process in trifurcated microchannel intersections across a large range of hydraulic 
resistances. Through a systematic study we characterize the decision-making process and 
split it into three phases: the exploratory, the cell entering and the post nuclear entrance 
phase. We identify the cell decision-making time point based on the growth of cell 
protrusions and explain the roles of cortical actin and myosin in affecting the time course 
of cell decisions or the actual decisions made. We single out TRPM7 channels and myosin 
as the main mechanosensors of hydraulic resistance, relate hydraulic resistance to the levels 
of actin and myosin, and raise the importance of calcium signaling in confined cell 
decision-making. 
 
3.2 Materials and Methods 
3.2.1 Cell culture and pharmacological inhibitors. Human MDA-MB-231 
adenocarcinoma and HT-1080 fibrosarcoma cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) containing 4.5 g/L glucose, L-glutamine, and sodium pyruvate 
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(Gibco) and supplemented with 10% heat inactivated fetal bovine serum (Gibco) and 1% 
penicillin/streptomycin (10,000 U/mL, Gibco). Cells were grown in an incubator 
maintained at 37 ºC and 5% EO-, and passaged every 2-4 days. 
In selected experiments, cells were treated with pharmacological agents and 
corresponding vehicle controls as follows: Y-27632 (10 µM), blebbistatin (50 µM), 
colchicine (125 µM), CK666 (100 µM), latrunculin A (2 µM), 2-APB (100 µM), bapta-
AM (25 µM), GsMTx4 (20 µM), SKF 96365 (10 µM), FTY720 (2 µM), HC 067047 (5 
µM). 
 
3.2.2 Cloning, lentivirus preparation and transduction. Target sequences were 
subcloned into pLVTHM (gift from Didier Trono, Addgene, Cambridge, MA, plasmid # 
12247) using MluI and ClaI as restriction sites, or pLKO.1 (gift from Bob Weinberg, 
Addgene, Cambridge, MA, plasmid #8453) using AgeI and EcoRI as restriction sites. The 
target sequences are:  
Scramble Control: sh1 (GCACTACCAGAGCTAACTCAGATAGTACT), 
human MYH9 (ACGGAGATGGAGGACCTTATG), 
human MYH10 (GGATCGCTACTATTCAGGA), 
human DIA1 sh1 (GCATGCCCTATCAAGAGATTA) 
human DIA1 sh3 (GCCGCTGCTGGATGGATTAAA) 
The pLenti.PGK.LifeAct-GFP.W (gift from Rusty Lansford, plasmid # 51010), 
pLenti.PGK.H2B-mCherry (gift from Rusty Lansford, plasmid # 51007), 
pLenti.PGK.LifeAct-Ruby.W (gift from Rusty Lansford, plasmid #51009) were purchased 
from Addgene. 
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For lentivirus production, 293T/17 cells were co-transfected with psPAX2, 
pMD2.G and the lentiviral plasmid. Lentivirus was harvested and purified after 48h 
transfection via centrifugation (50,000 g for 2 h at 4 ºC). Subsequently, cells were 
transduced for 24 h with media containing lentiviral particles.  
For transient transfections, 60-80% confluent MDA-MB-231 cells were transfected 
using Lipofectamine 3000 reagent using manufacturer’s recommendations. MYH9-GFP 
was introduced into MDA-MB-231 cells by transfection and placed under G418 selection 
before sorting.  
 
3.2.2 Immunofluorescence. Cells in micro-channels were fixed with 4% 
paraformaldehyde (Affymetrix, Inc.), permeabilized in 0.1% Triton X-100 (Sigma), and 
blocked in 1% bovine serum albumin. Cells were stained with Alexa Fluor 488 phalloidin 
(1:100, Invitrogen), Hoechst (1:2500, Invitrogen) and anti-phospho-MLC (1:50, Cell 
Signaling), with corresponding secondary antibodies. 
 
3.2.3 Photolithography and Device Fabrication. Polydimethylsiloxane (PDMS)-based 
microfluidic devices consisting of an array of a parallel decision-making channel maze 
were fabricated as described previously (Balzer et al., 2012). A 200 µm in length straight 
channel, with a height, H, of 3 µm and a width, W, of 10 µm, was introduced for cell to 
migrate before encountering the three-way intersection. The three-way intersection 
contained a 3 µm × 10 µm × 320 µm (H × W × L) channel on the left, a 3 µm × 10 µm 
× 200 µm (H × W × L) channel straight and 3 µm × 20 µm × 2240 µm (H × W × L) 
channel on the right. A second design was also applied as the dimensions of the sub-channel 
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on the right were adjusted to  3 µm × 20 µm × 320 µm (H × W × L) whereas the rest were 
kept the same. The dimensions were verified using a laser profilometer. In decision-making 
experiments, channels were coated with 20 µg/mL collagen I (Collagen I Rat Protein, Tail, 
Thermo Fisher Scientific) for all cases. 
 
3.2.4 Microfluidic Device Seeding and Live Cell Imaging. Cells were collected from 
culture dishes using 0.25% trypsin-EDTA (Gibco), followed by 5 min centrifuge at 300 g 
and re-suspended in DMEM (1% penicillin/streptomycin and 10% FBS) to a concentration 
of 5 x 10T cells/mL. 20 µL of cell suspension were added to the device inlet, generating a 
pressure gradient for cell to enter the device. The pressure was then balanced by 
transferring 7-8 µL of cell suspension from the inlet to the outlet. Cells were allowed to 
adhere and spread outside of the channel entrances for 20-40 min. All wells of the device 
were then filled with 120 µL DMEM (plus 10% FBS, 1% penicillin/streptomycin). Devices 
were incubated at 37 ºC, 5% EO- prior to imaging.  
Cells were imaged for every 10 min for at least 20 h on an inverted Nikon Eclipse 
Ti microscope (Nikon, Tokyo, Japan) with automated controls (NIS-Elements; Nikon) and 
a 10x/0.45 numerical aperture Ph1 objective using time-lapse microscopy. During the 
experiments, cells were maintained on a stage top incubator (Okolab, Pozzuoli, Italy or 
Tokai Hit, Shizuoka-hen, Japan) at 37 ºC and 5%  EO-. For selected experiments, FITC 
and TRITC filters were used to excite cell fluorescence.  
 
3.2.5 Decision-Making Analysis. For decision-making tracking, a successful decision was 
acknowledged when the nucleus, and at least 90% of the volume of the cell, entered one 
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sub-channel from the three-way intersection. Live cell videos were exported to ImageJ 
(National Institute of Health, Bethesda, Maryland) for protrusion dynamics measurements 
and to a custom-made MATLAB (MathWorks, Natick MA) script for cell migration 
behavior analysis. Decision-making time was determined from the first contact of the cell 
to the intersection to when a successful decision was made.  
For migration phenotype classification, cells were examined with an inverted 
Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) using a 40X air objective. Cell 
migration phenotype and nuclear blebbing were tabulated manually.  
 
3.2.6 Calcium Assay. The calcium assay was performed using Fluo-4 Direct Calcium 
Assay Kits (Invitrogen, F10471). Cells were cultured in 6-well plates and were used at near 
confluence the next day. The solutions were prepared as described by the manufacturers’ 
protocol. A 0.4X reagent, 250 µL reagent in 1 mL media, was applied for loading. The 
cells were then incubated at 37 ºC and 5% EO-  for 45 min and then at room temperature 
for 15 min. After that, the cells were collected and seeded into the device for imaging as 
demonstrated above. 
 
3.2.7 Confocal Imaging. Cells were imaged using a Nikon A1 confocal microscope 
(Nikon, Tokyo, Japan) with a 63X oil objective. Actin or calcium intensity was processed 
manually using ImageJ and quantified by custom-made MATLAB scripts. 
 
3.2.8 CRISPR-Cas9-mediated knockout of TRPM7. CRISPR-Cas9-mediated knockout 
was performed using the methodology presented before (Ran, Hsu et al. 2013). The short 
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guide RNA (sgRNA) sequence (5’-AAATTTGTCAGCAACTCGTC-3’) from the GeCKO 
library (Shalem, Sanjana et al. 2014) was cloned into the BbsI restriction site of the 
SpCas9-2A-Puro V2.0 vector, which was a gift from Feng Zhang (Addgene #62988). 
MDA-MB-231 cells were transiently transfected with the sgRNA-plasmid, grown for 48h, 
and selected with puromycin. Surviving cells were plated as single cell colonies in a 96-
well plate (1 cell/well) and expanded. Knock-out of TRPM7 in expanded cells was 
confirmed by western blotting with an anti-TRPM7 antibody (clone N74/25, Abcam). 
 
3.2.9 Western Blotting. Western blots were performed as previously described (Wang, 
Zhu et al. 2012, Chen, Hung et al. 2013) using NuPage 3-8% or 4-12% gels and the 
following antibodies:  
Primary antibodies: anti-MIIA antibody (rabbit) (Sigma Aldrich M8064, 1:1000), anti-
MIIB antibody (rabbit) (Cell Signaling 3404S, 1:1000), anti-DIA1 antibody (E-4) (mouse) 
(Santa Cruz Biotechnology SC-373807, 1:100). β-actin was used as a loading control 
(Purified Mouse Anti-Actin Ab-5, BD Biosciences 612656, 1:10,000). 
Secondary antibodies: Anti-mouse IgG, HRP-linked Antibody (Cell Signaling 7076S, 
1:2000), Anti-rabbit IgG, HRP-linked Antibody (Cell Signaling 7074S, 1:2000), donkey 
anti-goat IgG-HRP (Santa Cruz Biosciences sc-2020, 1:2000).  
 
3.2.10  Statistical Analysis. Data represent the mean ± SD from ≥3 independent 
experiments for each condition unless stated otherwise. A two-tailed unpaired t test, a 
Mann-Whitney U test and a one-way ANOVA test were used to determine statistical 
 84 
significance. Statistical significance was identified as p < 0.05. Analysis was performed 
using GraphPad Prism 6 and OriginPro 9 Software. 
 
3.3 Results 
3.3.1 Decision-Making Cascade Guided by the Persistent Growth of One Protrusion. 
To study cell decision-making patterns in confinement, we fabricated a microfluidic device 
consisting of an array of microchannel units (Fig. 3-1.A). Each unit contained a L = 200 
µm   straight base channel of 30 µm- cross section (W × H = 10 × 3 µm-) which led to a 
trifurcated intersection. The intersection consisted of three channel branches (Left: W × H 
× L = 10 × 3 × 320 µm'; Straight: W × H × L = 10 × 3 × 200 µm'; Right: W × H × L 
= 20 × 3 × 2240 µm') each presenting a different hydraulic resistance that had to be 
overcome by the migrating cells (Fig. 3-1.B) (Left: intermediate resistance (1x), Straight: 
low resistance (0.6x), Right: high resistance (2.2x))  (Fuerstman, Lai et al. 2007). 
Two cancer cell lines, MDA-MB-231 adenocarcinoma cells and HT-1080 
fibrosarcoma cells, migrated through the channels and made decisions in a similar way; 
approximately 50% of the cells chose to enter the straight/low resistance channel (Fig. 3-
1.C). If the front-rear polarization of the cells affected their persistence which in turn 
influenced the decision process (Ridley, Schwartz et al. 2003), we would expect that by 
creating a design where the lowest hydraulic resistance branch was located at the right side 
of the intersection (Left: high resistance (1x), Straight: intermediate resistance (0.6x), 
Right: low resistance (0.3x)) (Fig. 3-2.A, B), cells would continue migrating straight. 
However, this was not observed. In agreement with our previous results, 50% of cells in 
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both cell lines chose the right/low resistance branch (Fig. 3-2.C). This suggested that 
hydraulic resistance rather than the persistence of cells guided the decisions. 
Interestingly, HT-1080 cells spent a much shorter time to make a decision (defined 
from the first cell contact with the intersection to complete entrance to a branch of the 1x-
0.6x-2.2x design) (Fig. 3-2.D). Because HT1080 cells migrated faster than MDA-MB-231 
cells (Fig. 3-2.E), we made time dimensionless by scaling it with each cell line’s base 
channel speed and dividing it by a characteristic unit of length. Thus, we determined that 
both cells lines spent a similar amount of time within their own time frame for making 
decisions (Fig. 3-2.F).  
We next studied the behavior of MDA-MB-231 cells at the intersection by tracking 
their normalized protrusion length (L / LV, where L denotes the distance from the leading 
edge to either the entrance of the branch or the nucleus – whichever was shorter – and  LV 
the cell length at the base channel) and cell entry times (Fig. 3-1.D, Fig. 3-2.G). The 
normalized protrusion lengths revealed that there was a time point tV when one protrusion 
persistently grew faster than the other two and became dominant. Since the cell entry time 
was not the same for all three branches of the trifurcation, with cells choosing the 
straight/low resistance branch being slower (Fig. 3-1.D), we normalized the time of the 
entire decision-making process for cells entering the same branches and grouped them 
together. By plotting the normalized leading protrusion length as a function of that time we 
observed the existence of three distinct phases (Fig. 3-1.E). On the first phase (exploratory) 
cells reached the trifurcation and extended/retracted lamellipodial or filopodial protrusions 
repeatedly. The competition among the three protrusions continued until, on the second 
phase (cell entrance), one protrusion became dominant and led the cell into one of the 
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branches. One the third phase (post nuclear entrance), the nucleus had fully entered the 
branch dictated by the leading protrusion and cells assumed either an elongated or compact 
morphology with smaller protrusion variations. As a result, we were able to determine the 
decision-making time point at the very end of the exploratory phase I, right before the 































Figure 3-1. Decision-Making Pattern and Protrusion Dynamics Based on Hydraulic 
Resistance. (A) Phase contrast image of decision-making design (1X-0.6X-2.2X). Scale 
bar: 50 µm. (B) Hydraulic resistance calculated from channel geometry for three directions 
in Fig. 3-1.A. (C) Fraction of MDA-MB-231 and HT1080 cells entering the branches of 
the 1X-0.6X-2.2X design (n>70 from 3 independent experiments for each cell line). Data 
represent the mean with 95% confidence interval. (D) Entering time in each branch. 
Calculated from the beginning until the end of nuclear entrance (n>10 for each branch). 
The data represent mean±SD, one-way ANOVA, **p<0.01, ***p<0.001 relative to cells 
entering the straight branch. (E) Normalized leading protrusion length (X/XV) from cells 
entering the straight branch  of the 1X-0.6X-2.2X design (n=14). L denotes the distance 
from the leading edge to either the entrance of the branch or the nucleus – whichever was 
 88 
shorter – and LV the cell length at the base channel. x-axis rescaled based on the mean value 




































Figure 3-2. Decision-making is dependent on hydraulic resistance, and MDA-MB-231 
and HT1080 cells spend equal amounts of time making decisions within their own 
time frame. (A) Phase contrast image of second decision-making design (1X-0.6X-0.3X). 
Scale bar: 50 µm. (B) Hydraulic resistance calculated from the channel geometry of each 
branch in Figure 3-2.A. (C) Fractions of MDA-MB-231 and HT1080 cells entering the 
branches of the 1X-0.6X-2.2X design (n>300 from 3 independent experiments for each 
cell line). Data represent the mean with 95% confidence interval. (D) Decision-Making 
time for MDA-MB-231 and HT1080 cells defined as the period between arrival at the 
intersection and complete nuclear entry to a branch (≥ 3 independent experiments). Data 
represent the mean±SD, two-tailed unpaired t test; ****p<0.0001 relative to MDA-MB-
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231 cells. (E) Migration speed of MDA-MB-231 and HT1080 cells in the base channel (≥ 
3 independent experiments). Data represent mean ± SD, two-tailed unpaired t test; 
****p<0.0001 relative to MDA-MB-231 result. (F) Normalized decision-making time of 
MDA-MB-231 and HT1080 cells (≥ 3 independent experiments). Dimensionless decision-
making time scaled by multiplying the migration speed and dividing by the characteristic 
channel dimension of 10 µm. Data represent mean ± SD. (G) Representative images of 
LifeAct-GFP H2B-mCherry MDA-MB-231 cells during decision-making. (left) Cell in 
base channel before reaching intersection. Overall cell length measured as XV. (middle) 
Exploratory phase when cells randomly protrude into branches. Protrusion length 
measured as X. (right) Cell entering right channel after decision is made. Protrusion length 














3.3.2 Actin Nucleation Affects Cell Decision-Making Time and Myosin IIA Acts as a 
Mechanosensor of Hydraulic Resistance. The continuous protrusion growth/retraction 
cycles in the exploratory phase along with the persistent fast growth in the cell entrance 
phase prompted us to further investigate the role of the basic cytoskeletal structures of 
migrating cells. Using both cell decision designs (1x-0.6x-2.2x and 1x-0.6x-0.3x), we 
observed that most MDA-MB-231 cells expressed a blebbing phenotype at the 
intersections (Fig. 3-3.A). Since the cells with elongated protrusions (protrusive) did not 
occupy the entire intersection (Fig. 3-4.A) we continued our experiments by focusing only 
on the blebbing cells.  
Several studies have reported that actin polymerization regulates the direction of 
cell migration. (Tojkander, Gateva et al. 2012, Kassianidou and Kumar 2015). As such, we 
used CK666 to pharmacologically inhibit Arp2/3, which is responsible for actin branching, 
in the 1x-0.6x-2.2x design. Although the decision-making pattern did not change (Fig. 3-
3.B), the exploratory phase was prolonged significantly (Fig. 3-3.C). Given that the 
migration speed and persistence remained unchanged (data not shown), we concluded that 
Arp2/3 is important in finalizing phase I yet with no implications to the decisions made. 
Subsequently, we inhibited actin nucleation by generating a mDia1 knock-down (Fig. 3-
4.B). Similarly to Arp2/3 inhibition, mDia1-KD increased the time to exit phase I, but did 
not affect the decisions made (Fig. 3-3.B, C). mDia1-KD cells migrated with the same 
speed and persistence as scramble controls (data not shown). The decision-making pattern 
altered significantly when we completely inhibited actin polymerization via high doses of 
latrunculin A (2μM). Cells migrated through the base channel at slower speeds, as 
previously reported (Stroka, Jiang et al. 2014) and 10% of our sample population made 
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decisions (Supplemental Fig. 3-4.C) with an extended exploratory phase (Fig. 3-3.C). From 
this subpopulation, 90% chose to enter the straight/low resistance channel (Fig. 3-3.B), 
thus showing an even stronger dependence on hydraulic resistance. Arp2/3 and mDia1 sped 
up decision-making by increasing the actin cortex assembly rate, but did not contribute to 
the decisions made. The presence of actin per se, though, appeared to be of paramount 
importance. The cell membrane may be critical in counteracting external forces, 
determining cell shape and regulating signaling which affects motility (Keren, Pincus et al. 
2008, Tinevez, Schulze et al. 2009, Diz-Munoz, Krieg et al. 2010, Batchelder, Hollopeter 
et al. 2011, Bergert, Chandradoss et al. 2012, Salbreux, Charras et al. 2012, Diz-Munoz, 
Fletcher et al. 2013, Lieber, Yehudai-Resheff et al. 2013), yet upon actin depletion cells 
had a smaller chance of overcoming those forces. Actin was thus needed in order to help 
cells counterbalance and overcome higher hydraulic resistance forces. 
Because latrunculin A-treated cells were able to choose the path of lowest 
resistance, we hypothesized that hydraulic resistance is sensed via other membranous or 
cytoskeletal elements which may play a critical role in decision-making. Hydraulic 
resistance acts as an energy barrier or a pressure drop to the impeding object (Harrison V. 
Prentice-Motta 2013, Bergert, Erzberger et al. 2015). Reports on the establishment of local 
high hydrostatic pressure through cortical contractility which can counter the external 
pressure (Raucher and Sheetz 2000, Charras, Yarrow et al. 2005, Keren, Pincus et al. 2008, 
Houk, Jilkine et al. 2012, Lieber, Yehudai-Resheff et al. 2013), enabled us to examine the 
effects of contractility in confined cell decision-making. Treatment of MDA-MB-231 cells 
with a high dose of blebbistatin (50 μM), which inhibits non-muscle myosin II, in the 1x-
0.6x-2.2x design, increased the time to exit phase I and reversed the decision-making 
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pattern (Fig. 3-3.D, E). Cells preferred the right/high resistance channel. Subsequently, we 
generated MDA-MB-231 cells with myosin IIA (MIIA) and myosin IIB (MIIB) knock-
downs (Supplemental Fig. 3-4.C) and investigated which myosin isoform played a greater 
role in this process. While MIIB-KD did not alter the decision pattern, MIIA-KD did, 
similarly to the blebbistatin treatment, without any changes in speed or persistence (Fig. 3-
3.D). In contrast to the decision pattern, both MIIA-KD and MIIB-KD increased the time 
to exit phase I (Fig. 3-3.E).  
Since membrane tension is primarily attributed to cortical actomyosin which, 
through the ezrin-radixin-moesin (ERM) complex, contributes to the membrane-to-cortex-
attachment (MCA) (Charras, Hu et al. 2006, Salbreux, Charras et al. 2012, Diz-Munoz, 
Fletcher et al. 2013) we pharmacologically inhibited ezrin phosphorylation via NSC 
668394 (Fig. 3-3.F). Once more, the decision pattern was altered and cells preferentially 
entered the right/high resistance branch. Our experiments suggest that cortical actomyosin 
contractile forces, which are transferred to the cell membrane via ezrin, are responsible for 
hydraulic resistance mechanosensing in confined migration decision-making. Either 
reduced contractility or lack of the connection between the contractile machinery and the 




















Figure 3-3. Influence of Actin Nucleation on Decision-Making Time and Hydraulic 
Resistance Mechanosensing via MIIA. (A) Fraction of blebbing vs. elongated protrusion 
phenotypes in two decision-making designs 1X-0.6X-2.2X and 1X-0.6X-0.3X (n>200 
cells from ≥ 3 independent experiments for each design). Data represent the mean with 
95% confidence interval. (B) Fraction of MDA-MB-231 cells entering branches of 1X-
0.6X-2.2X  design under Arp2/3 inhibition via CK666 (100 µM), actin depolymerization 
via latrunculin A (2 µM) and mDia1 knock-down (≥ 3 independent experiments for each 
condition). Data represent the mean with 95% confidence interval. (C) Decision-Making 
time of MDA-MB-231 cells entering branches of 1X-0.6X-2.2X design under Arp2/3 
inhibition via CK666 (100 µM), actin depolymerization via latrunculin A (2 µM) and 
mDia1-KD, defined as the period from arrival at the intersection until complete nuclear 
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entry to a branch (≥ 3 independent experiments for each condition). Data represent the 
mean ± SD. One-way ANOVA, ****p<0.0001 relative to vehicle control. Mann-Whitney 
U test, ####p<0.0001 relative to scramble control. (D) Fraction of MDA-MB-231 cells 
entering branches of the 1X-0.6X-2.2X design under blebbistatin treatment (50 µM), 
Myosin IIA knock-down and Myosin IIB knock-down (≥ 3 independent experiments for 
each condition). Data represent the mean with 95% confidence interval. (E) Decision-
Making time of MDA-MB-231 cells entering branches of the 1X-0.6X-2.2X design under 
blebbistatin treatment (50 µM), Myosin IIA knock-down and Myosin IIB knock-down, 
defined as the period from arrival at the intersection until complete nuclear entry to a 
branch (≥ 3 independent experiments for each condition). Data represent the mean ± SD. 
One-way ANOVA, **p<0.01, ***p<0.001 relative to scramble control. Mann-Whitney U 
test, ####p<0.0001 relative to vehicle control. (F) Decision-Making pattern of MDA-MB-
231 cells under pharmacological ezrin inhibition via NSC668394 entering branches of the 
1X-0.6X-2.2X design (n>30 cells from 3 independent experiments for each). Data 






















Figure 3-4. Cell morphologies at the intersection, mDia1-KD, MIIA-KD, MIIB-KD 
and fraction of the population that makes decisions under pharmacological actin 
depolymerization. (A) Representative images depicting the blebbing (left) and elongated 
protrusion (right) LifeAct-GFP H2B-mCherry MDA-MB-231 cells at the intersection. 
Scale bar: 100 µm. (B) Western blot showing the knock-down efficiency of two sequences 
(sh1, sh3) of shmDia1 on MDA-MB-231 cells. (C) Fraction of vehicle control and 2	µM 
Latrunculin A treated MDA-MB-231 cells that made a decision at the intersection. Data 
represent the mean ± SD. (D) Western blot showing the knock-down efficiency of shMIIA 




3.3.3 TRPM7 Channel Acts as the Primary Hydraulic Resistance Mechanosensor 
Leading to a Calcium Cascade which Helps Characterize the Decision-Making 
Process. The preferential entry of MDA-MB-231 cells under myosin or ezrin inhibition in 
the high resistance channels led us to hypothesize the following: either cells cannot sense 
the low hydraulic resistance or they can sense it but are unable to act accordingly. In 
addition, under myosin inhibition the high resistance branch on the right may be more 
appealing due to possible effects on actin polymerization. If sensing of the hydraulic 
resistance occurs via another mechanism, then it should depend on differential stretching 
of mechanosensitive ion channels on the cell membrane, which function by allowing 
calcium to enter the cell. Calcium has been acknowledged as a secondary messenger that 
controls multiple cell functions such as motility, division and apoptosis (Prevarskaya, 
Skryma et al. 2011, Chen, Hung et al. 2013, Azimi, Roberts-Thomson et al. 2014, 
Monteith, Prevarskaya et al. 2017) and its influx through ion channels has been shown to 
direct 2D migration and trigger cytoskeletal remodeling (Wei, Wang et al. 2009, Balzer, 
Tong et al. 2012). Thus, we treated MDA-MB-231 cells with Bapta-AM which chelates all 
intracellular calcium. Without any effects on migration speed or persistence (data not 
shown), the chelator resulted in a change of the decision pattern towards the right/high 
resistance branch (Fig. 3-5.A). Since the mechanosensitive TRP channels are highly 
expressed in breast cancer cells (Dhennin-Duthille, Gautier et al. 2011, Ouadid-Ahidouch, 
Dhennin-Duthille et al. 2013) and after activation through membrane stretching allow 
EF-G ion influx, we inhibited them pharmacologically and investigated any possible 
decision-making effects. In agreement with our data using MIIA-KD or Bapta-AM, 
treatment with 2-APB, which inhibits all TRP channels and the inositol 1,4,5-triphosphate 
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receptor (Z['1), altered the decision pattern and cells preferentially entered the right/high 
resistance branch (Fig. 3-5.A). Subsequently, in order to identify the specific TRP channel 
which is involved in confined cell mechanosensing, we used a series of pharmacological 
inhibitors against mechanosensitive ion channels that have been reported to be highly 
expressed in MDA-MB-231 cells (Aydar, Yeo et al. 2009). Both GsMTx-4 (which inhibits 
TRPC1, TRPC6 and Piezo1 channels) and HC 067047 (which inhibits TRPV4 channels) 
did not lead to a change in the cell decision pattern (Fig. 3-6.A). However, treatment with 
SKF-96365 which blocks STIM/ORAI1 calcium channels on the endoplasmic reticulum 
(ER) and are activated by Z['1 changed the decision pattern to the one observed with 2-
APB (Fig. 3-5.A). Thus, Z['1 plays a key role in decision-making. Moreover, cells treated 
with FTY720, which has been reported to inhibit the TRPM7 channel (Qin, Yue et al. 
2013), altered the decision making pattern towards the high resistance channel (Fig. 3-5.A). 
In order to eliminate any possible side effects from the pharmacological inhibitor of 
TRPM7, we knocked out TRPM7 in MDA-MB-231 cells via CRISPR/Cas9 (Fig. 3-6.B) 
and verified that the decision pattern favored entry into the high resistance branch (Fig. 3-
5.A). Of note, EF-G, Z['1 or TRP channel inhibition did not alter the decision making time 
(Fig. 3-6.C).  Thus, we concluded that cells have the ability to sense hydraulic resistance 
through the TRPM7 channel. In addition, the change of the decision pattern from 
STIM/Orai1 and Z['1 inhibition suggests that calcium entry through the TRPM7 channel 
is captured by the Z['1 at the ER, causes the STIM1 channel to release stored calcium to 
the cytosol and the conjugated Orai1 channel opens to restore calcium. Any loss of function 
of these channels leads to a loss in mechanosensitivity.  
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In our experiments, the right branch with the high hydraulic resistance had also a 
larger cross-sectional area. To examine whether TRPM7-KO cells preferentially entered 
this branch due to the high hydraulic resistance or due to the larger opening presented, we 
designed two devices which either maintained the same hydraulic resistance in all branches 
of the trifurcation yet with different cross-sectional areas (Fig. 3-5.B) or maintained the 
same cross-sectional area and had different hydraulic resistances (Fig. 3-5.D). In the device 
with the different hydraulic resistances, control cells preferentially entered the low 
resistance branch, while the TRPM7-KO cells entered all branches with equal probability 
(Fig. 3-5.C), and in the device with the same hydraulic resistance, control cells entered all 
branches with the same probability and TRPM7-KO cells preferred the branch with the 
larger cross-section (Fig. 3-5.E). This set of experiments indicated that cells with a 
defective mechanosensory mechanism do not choose the branch with the highest resistance 
but switch to a decision pattern based on the cross section of the intersecting branch.  
As calcium signaling appears to be critical for cell decision-making in confinement, 
we used Fluo-4 Direct, a fluorescent EF-G indicator, to image intracellular EF-G as the 
cells were exploring the intersection of a 1x-0.6x-2.2x device. We observed that the overall 
EF-G levels spiked (calcium sparks) in a cyclical manner through the exploratory phase 
(Fig. 3-5.F). However, we did not observe any calcium flickers. Furthermore, TRPM7-KO 
cells exhibited a lower frequency of calcium sparks (Fig. 3-5.G) yet with the same spark 
intensity (Fig. 3-5.H), indicating that there may be other triggers of global calcium increase. 
Control cells exhibited two interesting characteristics. First, at the exploratory phase, when 
cells occupied the entire intersection, EF-G intensity on the right protrusion was higher 
than the left which, in turn, was higher than the straight. This was evidence that EF-G 
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correlates with hydraulic resistance (Fig. 3-5.I). Second, at the decision-making time point, 
which we determined based on the protrusion dynamics, EF-G signal on all three 
protrusions fell to the same level (Fig. 3-5.I). As such, cells exhibited a momentary 
EF-Gequilibrium. 
As EF-G facilitates contractility via its interaction with calmodulin and myosin light 
chain kinase (MLCK) which generates a local high intracellular pressure and pulls the actin 
cortex from the cell membrane, we studied the bleb sizes on all three protrusions. The 
variation of the bleb size is an indication of the physical instability of the cell membrane 
(Charras, Yarrow et al. 2005, Tinevez, Schulze et al. 2009, Batchelder, Hollopeter et al. 
2011). Our experiments indicated that the deviation of the maximum bleb size between the 
three protrusions drops sharply to a minimum at the decision-making time point (Fig. 3-
5.J). This indicated an equal membrane stretch on all three branches. In addition, at the 
same time point we observed a minimum in the actin variance of LifeAct-GFP cells 
between the three branches (Fig. 3-5.K). By subtracting the actin intensity of one frame 
from the next, we observed that, at the decision-making point, actin intensity changes the 
least during the exploration phase (Fig. 3-6.D, E, decision-making point: 4:30). These 





























Figure 3-5. Hydraulic Resistance Mechanosensing via TRPM7 Channel Correlates 
with EF-GSignaling. (A) Fraction of MDA-MB-231 cells entering branches of the 1X-
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0.6X-2.2X  design under TRP channels inhibition via 2-APB (100 µM), calcium chelation 
via bapta-AM (25 µM), TRPM7 knock-out, ezrin inhibition via SKF 96365 (10 µM) and 
TRPM7 inhibition via FTY720 (2 µM), compared with area partition calculation derived 
from the probability of cells entering a branch based on its cross-sectional area (Probability 
of entering branch 1 = Area of Branch 1 / (Area of branch 1 + Area of branch 2 + Area of 
branch 3) (≥ 3 independent experiments for each condition). Data represent the mean with 
95% confidence interval. (B) Phase contrast image of same-area-different-resistance 
design (1X-0.6X-2.2X) (30 µ(--30 µ(--30 µ(-). Scale bar: 50 µm. (C) Fraction of 
MDA-MB-231 scramble control and TRPM7 knock-out cells entering branches in the 
same-area-different-resistance design 1X-0.6X-2.2X (≥ 3 independent experiments). Data 
represent the mean with 95% confidence interval. (D) Phase contrast image of same-
resistance-different-area design (1X-1X-1X) (30 µ(--30 µ(--60 µ(-). Scale bar: 50 µm. 
(E) Fraction of MDA-MB-231 scramble control and TRPM7 knock-out cells entering 
branches in the same-resistance-different-area design (30 µ(--30 µ(--60 µ(-) (≥ 3 
independent experiments). Data represent the mean with 95% confidence interval. (F) 
Representative graph of global cell calcium levels measured by Fluo-4 direct assay on 
MDA-MB-231 cells over time during decision-making phase I. Arrows indicate calcium 
sparks. (G) Frequency of calcium sparks in MDA-MB-231 scramble control (SC) and 
TRPM7 knockout cells (n≥20) as they enter branches of the 1X-0.6X-2.2X design. Data 
represent the mean ± SD, two-tailed unpaired t test; *p<0.05 relative to scramble control. 
(H) Signal-to-Noise-Ratio of calcium sparks in MDA-MB-231 SC and TRPM7 knockout 
cells during decision-making phase I in the 1X-0.6X-2.2X design (n≥20). Data represent 
the mean ± SD. (I) Representative graph of calcium intensity signal at each protrusion of 
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a cell during decision-making in the 1X-0.6X-2.2X design. Arrows indicate the time point 
of the first occupation of the intersection and the decision-making time point. (J) 
Representative graph of the standard deviation of the maximum bleb sizes between the 
three protrusions of a cell during decision-making in the 1X-0.6X-2.2X design over time. 
Arrow indicates the decision-making time point. The same cell is presented in Fig. 3-5.K. 
(K) Representative graph of the variance of the integrated actin signal between the three 
protrusions of a cell during decision-making in the 1X-0.6X-2.2X design over time. Arrows 





































Figure 3-6. Ion channel pharmacological inhibition, knock-out of TRPM7 channel, 
decision-making time under calcium chelation and ion channel inhibition, and actin 
equilibrium at the decision-making time point. (A) Fraction of MDA-MB-231 cells 
 105 
entering branches of the 1X-0.6X-2.2X design under TRPC1, TRPC6, Piezo1 channel 
inhibition via GsMtx-4 (20 µM) and under TRPV4 channel inhibition via HC 067047 (5 
µM), (n>50 cells from 3 independent experiments for each treatment). Data represent the 
mean with 95% confidence interval. (B) Western blot showing the knock-out efficiency of 
CRISPR TRPM7 on MDA-MB-231 cells. (C) Decision-Making time of MDA-MB-231 
cells entering branches of the 1X-0.6X-2.2X design under TRP channels inhibition via 2-
APB (100 µM), calcium chelation via bapta-AM (25 µM), TRPM7 knock-out, ezrin 
inhibition via SKF 96365 (10 µM), defined as the period from arrival at the intersection 
until complete nuclear entry to a branch. Data represent the mean ± SD. (D) Representative 
frame-to-frame actin intensity difference heat map of a LifeAct-GFP MDA-MB-231 cell 
during decision-making. Decision made around 4:30 h (white box). Scale bar: 50 µm. (E) 
Variance of the integrated actin signal between the three protrusions of the cell presented 












3.3.4 Relationship Between Hydraulic Resistance, Actin and Myosin Helps Build a 
Theoretical Framework for Cell Decision-Making. In order to investigate the 
relationship between actin, myosin and hydraulic resistance, we generated LifeAct-GFP 
and Myosin IIA-GFP MDA-MB-231 cell lines and studied the actin and myosin signal 
intensities in all three protrusions at the intersection of the 1x-0.6x-2.2x device. By 
subtracting the background actin and myosin signals at the central part of the cell from the 
signals at the protrusions ( Fig. 3-8.A) and integrating the residual signal intensity in each 
protrusion, we revealed that at the decision-making time point all cells present the least 
amount of actin at the straight/low resistance protrusion and roughly equal amounts on the 
left and right (Fig. 3-7.A). Myosin, on the other hand, exhibited a more direct relationship 
with hydraulic resistance (Fig. 3-7.B); high resistance corresponded to high myosin and 
low resistance to low myosin. TRPM7-KO cells do not show differences in the amount of 
actin or myosin that they localize at the protrusions (Fig. 3-7.A, B).  
Subsequently, we created four different designs (1x-0.6x-0.17x, 1x-0.3x-0.8x, 1x-
0.6x-1.25x, 1x-0.6x-5x) which together with our 1x-0.6x-0.3x and 1x-0.6x-2.2x gave us a 
wide range of hydraulic resistances in order to examine the amounts of actin and myosin 
employed in each protrusion as a function of resistance (Fig. 3-8.B). While actin  first 
increased monotonically with increasing hydraulic resistance, it plateaued at the threshold 
of 1x (W: 10 µm, H: 3 µm, L: 320 µm) (Fig. 3-7.C, box). On the contrary, myosin IIA 
correlated directly with resistance from low to high regimes (Fig. 3-7.C). By contrasting 
the cell speed at the post nuclear entrance phase inside the branches with the growth rate 
of the protrusions in the same branch at the cell entrance phase, we observed that protrusion 
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growth rate, similarly to actin,  plateaued at high hydraulic resistances (Fig. 3-7.D). This 
suggests that the ability of cells to enter the high resistance branch is limited by actin.  
Using actin as the limiting factor for entrance into environments of various 
hydraulic resistances, we created a simple model for decision-making. As cell shape 
transformations in packed tissues have an energy barrier which follows an exponential 
distribution (Bi, Lopez et al. 2014), we drew a parallel to 3D confined migration. Cells 
experienced a stopping force caused by the hydraulic resistance. After the decision-making 
time point, cells squeezed into one of the narrow opening branches. By the force balance 
across the cell membrane, the pressure drop caused by the hydraulic resistance ΔP was 
balanced by the local internal cell pressure, P̂ , minus the surface tension of the membrane, 
T̂ . The pressure drop was calculated as described by (Fuerstman, Lai et al. 2007), and the 
volumetric flow rate was obtained from the leading protrusion dynamics (Fig. 3-8.C). The 








. We approximated P̂ −
ΔP ≈ ΔP, assuming that the internal pressure was on the same order of magnitude as the 
pressure from the hydraulic resistance. From the surface tension we calculated the surface 










. As the reference energy, Eplm, is a 
background surface energy that can be applied throughout the cell, we assigned it to the 
smallest value of Eh, which was calculated at the lowest hydraulic resistance branch. In this 
model we assumed cortical actomyosin as the provider of the major physical support to the 
cell. In the cases where cells were devoid of actin e.g. high dose latrunculin A treatment, 
the reference energy was substituted by the random heat fluctuation, kT, meaning that the 
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hydraulic resistance was counteracted by random fluctuations of the lipid bilayer. When 
comparing the theoretical decision-making probability pattern with the experimental 
values on two designs (1x-0.6x-2.2x and 1x-0.6x-0.3x)(Fig. 4E, H), we achieved a good 
prediction of the decision pattern when actin was absent (Fig. 3-7.G, J) but our model failed 
to accurately predict the experimental data when cortical actin was present (Fig. 3-7.F, I). 
This inaccuracy was attributed to the non-linear relation between the balancing 
force/energy of the actin cortex and the hydraulic resistance. As such, we substituted the 
surface energy term, Eh, with the integrated actin signal of each protrusion multiplied by 
an arbitrary unit of energy, e, assuming that the force load per actin fiber was the same 
everywhere; hence Eh = Nq^nhÅ,h ∙ e. The arbitrary unit of energy was cell dependent and 









 (N: relative amount of actin based on signal intensity, Nplm: minimum value of 































Figure 3-7. Hydraulic Resistance Affects Actin and Myosin IIA Levels at the 
Protrusions which Help Build a Model for Predicting Decision-Making Patterns. (A) 
Integrated actin signal between the three protrusions of LifeAct-GFP MDA-MB-231 
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scramble control and TRPM7 knock-out cells in the 1X-0.6X-2.2X design (n>10 cells from 
3 independent experiments), all normalized to the left branch protrusion actin signal. (B) 
Integrated myosin IIA signal between the three protrusions of MIIA-GFP scramble control 
and TRPM7 knock-out MDA-MB-231 cells in the 1X-0.6X-2.2X design, all normalized to 
the left branch protrusion MIIA signal (n>10 cells from 3 independent experiments). (C) 
Integrated actin and MIIA signal intensity at the protrusions of LifeAct-GFP and MIIA-
GFP MDA-MB-231 cells at the decision-making time point as a function of hydraulic 
resistance (normalized to the values at 1X) (n>10 cells for each data point). Box: Integrated 
actin signal intensity at the protrusions of LifeAct-GFP MDA-MB-231 cells at the 
decision-making time point as a function of hydraulic resistance (normalized to the values 
at 1X) with extra data points. Data represent the mean ± SD. (D) Migration speed inside 
branches of various hydraulic resistances and leading protrusion growth rate at phase II of 
MDA-MB-231 cells (n>10 cells for each data point). Data represent the mean ± SD. (E) 
Phase contrast image of decision-making design (1X-0.6X-2.2X). Scale bar: 50 µm. (F) 
Comparison between experimental decision-making pattern of MDA-MB-231 cells in the 
1X-0.6X-2.2X design, and the predictions by the surface energy-based partition model and 
the cortical actin signal-based partition model (≥ 3 independent experiments). Data 
represent the mean with 95% confidence interval. (G) Comparison between the 
experimental decision-making pattern of MDA-MB-231 cells in the 1X-0.6X-2.2X design 
under actin depolymerization treatment via latrunculin A (2 µM) and the predictions by the 
surface energy-based partition model (≥ 3 independent experiments). Data represent the 
mean with 95% confidence interval. (H) Phase contrast image of the decision-making 
design 1X-0.6X-0.3X. Scale bar: 50 µm. (I) Comparison between the experimental 
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decision-making pattern of MDA-MB-231 cells in the 1X-0.6X-0.3X design, and the 
predictions by the surface energy-based partition model and the cortical actin signal-based 
partition model (≥ 3 independent experiments). Data represent the mean with 95% 
confidence interval. (J) Comparison between the experimental decision-making pattern of 
MDA-MB-231 cells in the 1X-0.6X-0.3X design under actin depolymerization treatment 
via latrunculin A (2 µM) and the predictions by the surface energy-based partition model 































































Figure 3-8. Actin signal at the protrusions during decision-making, designs of various 
hydraulic resistance combinations and volumetric protrusion growth rate at 
intersection branches. (A) Representative image sequence depicting the actin signal at 
the protrusions (areas in dashed boxes) of a LifeAct-GFP MDA-MB-231 cell during 
decision-making in the 1X-0.6X-2.2X design. Decision-making time point at iv (2:30). (B) 
Decision-Making trifurcated designs with various combinations of hydraulic resistances 
used in the experiments for Fig. 3-8.C. Arrows at the bottom indicate the direction of 
branches with their relative hydraulic resistances. Scale bar: 50 µm. (C) Leading protrusion 
growth rate at decision-making phase II of MDA-MB-231 cells in the 1X-0.6X-2.2X 
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design (n>10 for each direction), normalized by the entering time presented in Fig. 3-1.D. 
Data represent the mean ± SD, one-way ANOVA, **p<0.01, ****p<0.0001 relative to 











































Decision-making in 3D confined microenvironments has been attributed to 
hydraulic resistance. Low hydraulic resistance correlates with a high probability that cells 
within a population will enter these branches at an intersection of channels. However, there 
is no significant evidence that explains the decisions-made, the proteins involved in 
hydraulic resistance sensing and the cytoskeletal changes which lead to cell decisions. Our 
work establishes a comprehensive analysis of the cell decision-making process and 
identifies the main cytoskeletal and membranous proteins involved.  
Cells at the intersections of confining micro-channels regulate the localization of 
actin and myosin in order to balance hydraulic resistance forces. Our actin 
depolymerization experiments provide evidence that actin is not a mechanosensor yet its 
nucleation affects the time it takes for decisions to occur. Myosin IIA, on the other hand, 
plays a critical role in hydraulic resistance sensing and guides cell motility towards the 
branch of lowest resistance. As cell membrane tension has to overcome hydraulic 
resistance forces exerted by the liquid which fills the micro-channel branches, the transfer 
of actomyosin forces to the membrane via the membrane-to-cortex-attachment is of utmost 
significance. As such, ezrin mediated attachment of cortical actomyosin to the cell 
membrane allows cells to propagate these forces and respond to hydraulic resistance.  
The persistent growth of one cell protrusion is an indication of the decision made. 
Thus, any partial cell entering in a different branch than the one denoted by the leading 
protrusion is a false entering and cells retract back to the intersection and continue the 
assessment of the micro-environment.  
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The three phases of the decision-making process are important in characterizing 
cell behavior at the intersection. Each has its own time course and entails a sequence of 
events that have to take place for successful decision-making to occur. First, cells reach the 
intersection and start exploring their environment by generating protrusions in all 
directions. Hydraulic resistance forces stretch the cell membrane unequally and TRPM7 
channels activate differentially on each protrusion based on these forces. Calcium enters 
the cell and the Z['1 at the ER activates the STIM1 channel to release stored calcium into 
the cytosol. At the same time actin and myosin localize at the cell protrusions based on 
hydraulic resistance. Calcium binds to calmodulin and MLCK, stimulates contraction and 
generates a local differential pressure within each protrusion. In addition, ezrin transfers 
the contractile forces to the cell membrane and cells reach a local dynamic equilibrium 
designated by small changes in calcium concentration and polymerized actin within each 
protrusion. Cells compile the different external hydraulic resistance forces and choose to 
initiate a persistent  growth of one of the protrusions via mDia1 and Arp2/3. Cellular entry 
into one of the branches is guided by the leading protrusion which grows continuously until 
the nucleus fully enters one of the branches. Subsequently, cells change or maintain their 
morphology based on the hydraulic resistance encountered in order to successfully 
maintain their motility within the selected branch without, however, any major changes in 
their leading protrusion length.  
TRPM7 channel is expressed in various tissues such as the brain, spleen, kidney, 
lung, liver and heart (Nadler, Hermosura et al. 2001, Runnels, Yue et al. 2001). Regarding 
cancer, its expression has been reported in head and neck carcinoma (Dou, Li et al. 2013), 
retinoblastoma (Hanano, Hara et al. 2004), breast cancer (Dhennin-Duthille, Gautier et al. 
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2011) and gastric cancer (Kim, Park et al. 2008). TRPM7 knock-down or its 
pharmacological inhibition has been reported to reduce ischemic stroke (Sun, Jackson et 
al. 2009) and arrest proliferation of human pancreatic cancer cells (Yee, Zhou et al. 2011, 
Yee, Kazi et al. 2015). Furthermore, TRPM7 is required for cell migration of 
nasopharyngeal carcinoma (Chen, Luan et al. 2010), pancreatic adenocarcinoma 
(Rybarczyk, Gautier et al. 2012) and lung carcinoma (Gao, Chen et al. 2011).  
Our experiments suggest that cells with TRPM7 migrate by following the path a 
least resistance. This may increase the metastatic efficiency of cells within the body. 
Downregulation of TRPM7 results in decisions based on the cross sectional area of the 
microchannels in which cells prefer the larger openings. As such, we speculate that 
migration and homing of tissues with small ECM porosities will be reduced. Cells will 
occupy larger spaces which allow for better diffusion of pharmacological agents rendering 
more efficient cancer therapies. As cells with downregulated myosin IIA follow the same 
decision-making pattern, we hypothesize that cell migration in really soft 3D environments 
within the body, which do not require cell to express high levels of myosin II (Petrie and 
Yamada 2012), will be subjected to the same principles. Decisions will be guided by the 










CONCLUSIONS AND FUTURE DIRECTIONS 
 
4.1 Advantages of microfluidic devices 
Microfluidic devices are composed of small dimension channels, chambers and 
valves, which can be manipulated to perform precise, complicated operations. The size of 
the microchannels in the devices allow for easy mass and heat transfer, faster detection, 
high throughput screening, high speed analysis, improved sensitivity with low 
consumption of samples and reagents, and greatly reduced costs (Nge, Rogers et al. 2013). 
In addition, the small size of the devices render them portable and as such, they can be used 
as point-of-care tools for on-site testing. They can integrate multiple processes such as 
purification, separation and detection and achieve multiplex analysis (Whitesides 2006). 
Due to their unique features and advantages, microfluidic systems have been used in 
various scientific, engineering and medical fields.  
 
4.2 Protein and nucleic acid detection by microfluidic 
devices 
Recent advances in microfluidics have showcased their potential for protein and 
nucleic acid detection. The current state of art for detecting proteins as a diagnostic tool in 
clinical laboratories is the enzyme-linked immunosorbent assay (ELISA). It utilizes 
antibodies and the color change of reactions in order to identify protein markers. While it 
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is has achieved a widespread use, it requires several steps of washing and reagent 
incubation, which are time consuming. Chin and colleagues recently showed that it is 
possible to miniaturize these steps into a small microfluidic chip (mChip), which is loaded 
with wash buffer and reagents over an antibody coated detection region (Chin, 
Laksanasopin et al. 2011). The mChip was able to detect human immunodeficiency virus 
(HIV) antigen in 1 µL of unprocessed whole blood. In addition, the assay was completed 
in 20 min. Further studies coupled the microfluidic ELISA into a dongle that was attached 
to a smartphone and performed detection of HIV and syphilis (Laksanasopin, Guo et al. 
2015).  
Paper-based microfluidic chips have been recently fabricated. Their low weight, 
ease of use, biocompatibility and low cost have made them perfect candidates for molecular 
analysis in on-site detection. They have been shown to detect numerous biomarkers such 
as HIV and influenza virus antigens and tumor markers (Song, Zhang et al. 2012, Lei, 
Huang et al. 2015, Li, Xuan et al. 2015).  
Detection of nucleic acids from biological samples, in order to obtain genetic 
information for disease diagnosis, is still challenging to achieve. Recently, the combination 
of microfluidics with bead technology has been able to achieve high-efficiency collection 
of DNA from only 100 cells for epigenomic analysis (Reinholt and Baeumner 2014, Cao, 
Chen et al. 2015). Ferguson and colleagues have developed a magnetic integrated 
microfluidic electrochemical detector, which can perform immunomagnetic target capture, 
concentration, purification, PDR amplification and electrochemical detection of influenza 
H1N1 from throat swab samples (Ferguson, Buchsbaum et al. 2011).  
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4.3 Microfluidics in cell sorting 
Cell sorting is used to enrich and purify cell populations. Clinically, it is applied for 
capturing cells presenting distinct properties and either performing diagnostics or 
purifying/modifying them and re-transplanting them back into the patient for treatment of 
cancers and other blood and immune system disorders (Lagasse, Connors et al. 2000). The 
most widely used cell sorter is fluorescence-activated cell sorting (FACS) (Herzenberg, 
Parks et al. 2002), which can achieve multiplexed analysis and has a throughput of 50,000 
cells/s. Targeting populations of cells that are present in really low numbers in the 
circulation system, though, has been challenging. An example of such cells are circulating 
tumor cells (CTCs). CTC levels in blood is an indication of tumor progressions and survival 
(Qian, Zhang et al. 2015). CTC detection is currently performed via CellSearch, which uses 
magnetic particles functionalized with antiepithelial cell adhesion molecule (EpCAM) 
(Riethdorf, Fritsche et al. 2007). Microfluidic devices have been recently developed 
containing chaotic and geometrically enhance differential immunocapture structures in 
combination with EpCAM antibodies that improve the capture efficiency (Nagrath, Sequist 
et al. 2007, Stott, Hsu et al. 2010, Smith, Lannin et al. 2014). CTCs, however, may have 
undergone EMT, which can downregulate the expression of epithelial markers (Yu, Bardia 
et al. 2013). Since CTCs have a larger diameter and are stiffer than leukocytes, multiple 
microfluidic devices have been developed to capture CTCs based on the physical 
differences between them and blood cells. Various devices utilize filtration, hydrodynamic 
force, inertial focusing, double spiral microchannels and magnetic separation structures 
that achieve high capture yield and throughput (Zheng, Lin et al. 2011, Sun, Li et al. 2012, 
Liu, Huang et al. 2013, Liu, Zhang et al. 2013, Ozkumur, Shah et al. 2013).  
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Another use of microfluidic devices is the isolation and purification of stem cells. 
High purity of stem cells is needed for treatment or prevention of diseases (stem cell 
therapy). Although FACS can isolate stem cells using biomarkers, it results low yields due 
to cell death. In order to achieve a high purity collection of stem cells with high survival, 
several microfluidic have been introduced. Singh and colleagues produced a microfluidic 
chip that takes advantage of the adhesions strength differences between undifferentiated 
and differentiated stem cells and yields human pluripotent stem cell populations with  95-
99% purity and over 80% survival (Singh, Suri et al. 2013). In addition, micropost arrays 
have been embedded in microchips which can isolate cancer stem cells in populations that 
are flexible enough to navigate through (Zhang, Kai et al. 2012).  
 
4.4 Microfluidics in cell migration 
Microchambers which mimic live tissue topographical and biochemical cues have 
been used to study cell migration. Microfluidic devices allow the use of chemotactic 
gradients and are useful for high throughput screening of antimetastatic drugs (Zhang, 
Zhang et al. 2014). The study of rheotaxis, fluid flow induction of cell migration in the 
upstream direction, has been possible in a collagen I-based microfluidic hydrogel 
(Polacheck, German et al. 2014) and the study of intravasation is facilitated by microfluidic 
chips that allow for precise simulation of the endothelial barrier function (Bersini, Jeon et 
al. 2014). Another microfluidic device mimics the biophysical environment of the female 
reproductive tract and thus is used for the study of the migratory behavior of sperms and 
pathogens (Tung, Hu et al. 2015), where microgrooves facilitate sperm motility and prevent 
Tritrichomonas foetus migration.   
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4.5 Organ-on-chip applications 
The culture and continuous perfusion of living cells in micrometer sized devices 
which recapitulate tissues and organs has been widely used in disease modeling and drug 
screening. Hydrogel-based methods and bioreactors have been used to create biomimetic 
designs of the liver, kidney, intestine, lung, heart, fat, bone, skin, cornea, nerve, bone 
marrow and blood vessels (Huh, Matthews et al. 2010, Bhatia and Ingber 2014, Torisawa, 
Spina et al. 2014, An, Qu et al. 2015). In addition, models of various diseases on-a-chip 
have been helpful in discovering new biomarkers of drug efficacy, toxicity and disease 
response (Huh, Leslie et al. 2012). 
 
4.6 HEMICA: future directions 
HEMICA is an affordable microfluidic device which mimics physiological tissue 
properties such as stiffness, water content, gas, water and macromolecule permeation. It 
allows high throughput experiments in an environment which can be highly controlled in 
order to present microchannels of high aspect ratio and stiffness anisotropy. It allows the 
establishment of chemotactic gradients, the study of collective, single and single cell-file 
migration as well as the use of various techniques (such as immunofluorescence, live-
microscopy, confocal microscopy, FRET, TFM) for the characterization and investigation 
of cell behaviors. As HEMICA is assembled based on primary amine reactions, 
polyacrylamide can be substituted with a wide range of materials and proteins used for 
hydrogel production. Our experiments show that confined migration and 3D migration 
share multiple similarities. However, the breadth of the techniques supported by HEMICA, 
the cost and ease of its production, and its incorporation of microfluidics, make it a perfect 
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vessel for organ-on-a-chip applications. In addition, the low cell count required for 
microfluidic assays, the differential regulation of channel size and matrix stiffness, and the 
capability to be functionalized with an array of ligands, make HEMICA a promising 
candidate either as a personalized diagnostic tool or as a drug screening medium. It can 
incorporate the advantages of microfluidics in a physiologically relevant environment 
which is more appropriate for the growth and function of explanted cells. Thus, we are 
hopeful that HEMICA will serve researchers, clinicians and patients by opening new 
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• Best Poster Presentation award at the 12th annual Nano-Symposium, Johns            2018 
Hopkins University. Awarded paper: “Spatial regulation of RhoA dictates  
the migration mechanisms of dorsoventrally polarized cells in confinement” 
• Selected to consult the Training Subcommittee of the Johns Hopkins University     2017   
Biomedical Scientific Workforce (consulted on challenges facing PhD students in  
biomedical fields; financing PhDs, grant acquisition, interpersonal relationships, 
coursework) 
• Graduated with honors                                                                                                2011 
• Selected by JHU BME department to present at the JHU BME Design Day             2011 
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“Greek Man of the Year 2009-2010” (excellence in leadership in academia, Greek 
life/fraternity, sports clubs, cultural clubs and in the broader Baltimore area) 
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• Lab administrator, Konstantopoulos Lab, Johns Hopkins University     Baltimore, MD                                                                                                              
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   bookkeeping, responsible for lab instrument technical support and      
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Engineering, Johns Hopkins University                                                            2013-2018                               
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   Institute and Athens College, undergraduate, masters and PhD students 
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    (along with JOOLA USA created, organized and hosted a new annual                    2010               
    table tennis open tournament in the East Cost the “Chesapeake Open” as 
    part of the JOOLA North American Tour) 
 
•  Phi Delta Theta Maryland Delta Chapter (at Johns Hopkins University) Baltimore, MD                                       
    Founding Father, Executive Secretary (Fall 2009, Spring 2010)           2009 - present                               
                   
•  Hellenic Students Association at Johns Hopkins University                     Baltimore, MD                                               
    President                                                                                                                   2010                                    
   
•  Johns Hopkins University Biomedical Engineering              Baltimore, MD                          
Mentor in Biomedical Engineering                         Fall 2009, Spring 2010 
 
•  “Hellenic Science Series” at Homewood campus                                     Baltimore, MD                                                                                                 
    (created and organized a scientific lecture series)                                          2010 - 2011                                              
                                           
•  The Bank of Greece summer camp                                                           Athens, Greece                            
    Counselor                         2008                                             
 
SHADOWING/ PHILANTHROPY/ VOLUNTEERING/ COMMUNITY SERVICE 
 
•  Shadowed Dr. Constantine G. Lyketsos at the Johns Hopkins                 Baltimore, MD 
Bayview Medical Center, Department of Psychiatry                                                  2011                                                                                    
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•  Shadowed Dr. Michael Marohn, Dr. Michael Schweitzer                        Baltimore, MD 
and Dr. Hien Nguyen in laparoscopic surgeries at the Johns Hopkins                       2010 
Bayview Medical Center                                                                                                                                                        
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•  Shadowed Dr. Jason Liau in brain surgeries and Intensive Care              Baltimore, MD 
Unit rounds at the Johns Hopkins Hospital                                       2010
                                                   
•  Participated in the Baltimore Rescue Mission Clinic (worked with         Baltimore, MD 
Dr. John S. Dalton II to develop proper treatments for homeless                     2009-2010 
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their annual gala fundraising event                                                                             2010                                                              
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University (Basic and Translational Science Research)                                    2012-2018                                                            
   Ph.D. Candidate at the Konstantopoulos Lab 
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   model for studying confined cell migration, with multiple other applications    
   e.g. for the study of cell-cell interactions, cell-matrix interactions, collective migration, 
   population dynamics, development of organs-on-a-chip. Studied breast cancer cell 
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   migration in polydimethylsiloxane-based microfluidic devices and in 3D  
   hydrogel-based environments, studied cell decision-making in confinement)    
 
• Department of Plastic & Reconstructive Surgery,                                      Baltimore, MD                              
Johns Hopkins University (Clinical Research)                                                  2011-2012                                             
   Research Assistant at Dr. Andrew Lee’s, Dr. Gerald Brandacher’s Group 
   (Vascularized Composite Allotransplantation lab) 
   (Studies in rat peripheral nervous system regeneration using stem cells, programming 
   of near-infrared laser for angiography—new method for imaging systemic monocytes, 
   lymphatics and blood perfusion on random flaps)      
 
• Department of Biomedical Engineering, Johns Hopkins University         Baltimore, MD                                                    
(Translational Research)                                                                                    2008-2011                             
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   hydrogels and microfibers, studies in cartilage regeneration using biomaterials and 
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   (in cooperation with Dr. Ben Petre, designed and prototyped a                                 2009 
   retrofitting exoskeleton that allows for one handed control of 
   rotation, vacuum and irrigation of the arthroscope for orthopaedic surgeries) 
 
ABSTRACTS — ORAL PRESENTATIONS 
 
• Plastic Surgery Research Council:                                                              Ann Arbor, MI                                     
   G.A. Brat, A. Afthinos, J. Christensen, K. Buretta, C. Gordon, D. Cooney,              2012                                                  
   W.P. Lee, G. Brandacher, J.M. Sacks. “Intensity and Time-Based Analysis for  
   Prediction of Flap Necrosis Using Near-Infrared Angiography” 
 
• Biomedical Engineering Society:                                                           Minneapolis, MN                           
A. Afthinos, R. Zhao, A. Suppes, P. Mistriotis, K. Konstantopoulos.                       2016            
“HEMICA-Hydrogel Encapsulated Micro-channel Array In Cancer Metastasis” 
 
• Biomedical Engineering Society:                                                           Minneapolis, MN                                                  
A. Afthinos, R. Zhao, K. Konstantopoulos. “The Role Of Cytoskeleton And           2016              
Ion Channels In Cell Decision-Making Under Confinement” 
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• American Institute of Chemical Engineers:                                          San Francisco, CA                                               
A. Afthinos, R. Zhao, A. Suppes, P. Pachidis, K. Konstantopoulos.                          2016               
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   “Feeling the Squeeze: How Motile Cells Respond to Different Types of Compression” 
 
• American Institute of Chemical Engineers:                                                  Pittsburg, PA                                                              
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European Computer Driving License in Microsoft Office, iWorks, MATLAB, JAVA, 
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